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ABSTRACT
The problem o f this exploratory study was to determine the strength of the 
bivariate correlational relationship between microhardness readings converted to 
Rockwell values and eddy current values o f  laser heat-treated A IS I1045 steel. 
Further, the microstructure was analyzed to determine the microstructural changes 
formed by laser surface treatment utilizing a carbon dioxide laser.
The purpose o f this study was to investigate the microhardness and depth of 
hardness formed by laser surface treatment, to develop a  measure o f  correlation 
between microhardness and eddy current values, and to study microstructural changes 
formed by the laser surface treatment. This knowledge could be used to verify 
hardness by using nondestructive testing techniques.
The study was designed to perform a laser surface treatment o f steel samples 
and then determine hardness o f the material by both destructive and nondestructive 
testing methods. Ten samples were treated at three separate scanning rates o f22, 30, 
and 35 EPM respectively. A  Rockwell hardness test was used for the destructive 
analysis. An eddy current analysis was used for testing hardness for the 
nondestructive method.
Six samples from each scanning rate for a total o f 18 samples were used for 
the comparison between testing methods. Data analyses included the use of 
descriptive statistics, ANOVA, Pearson Product-Moment Correlation, and Regression 
Analysis. The data collected from the samples were examined at the .05 level of 
significance.
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Based on the data collected from this study, it was found that there was a 
statistically significant relationship in hardness between Rockwell values and eddy 
current values at the p<.05 significance level However, it was also concluded that 
there were no significant differences between Rockwell and eddy current values for 
any o f  the individual scanning rates.
Given the outcomes of this study, recommendations for further study were 
warranted and may be utilized to further define the relationship between Rockwell 
hardness values and eddy current analysis. It was also recommended that this study 
be replicated using a larger sample size.
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ICHAPTER I 
INTRODUCTION 
Motivation and Background 
The importance o f metals has long been acknowledged in the development of 
civilization. According to Williams (1987), the early division of history such as the 
Stone Age, Bronze Age, Iron Age, and Steel Age (approximate age of each division is 
6000 BC, 2000 BC, 1300 BC, and 1200 BC, respectively) were even based on materials 
in common use at the time. The earliest known uses o f metal according to Goodway 
(1996) are more than 10,000 years old. Two o f  the most widely used metals are steel and 
iron. Iron was first developed around 1200 B.C. predominately for tool making in the 
Middle East and Europe (Pollack, 1988). Some of the later uses for iron were for 
weapons, art, and protective armour. Shortly thereafter, one of the first known 
applications of steel was for the swords of Damascus (Williams, 1987). This material 
was believed to have been imported from southern India. The making of steel evolved 
from iron, but steel was difficult to make and, consequently, was made in small batches. 
The process of making steel has been around for about the same length of time as the 
process o f m aking iron. However, steel was typically made in very small quantities at 
first because of the difficulty with making quality steel with the equipment available 
during that time. Once the process of making steel was improved, steel production 
increased significantly and was used for steel rails, armaments, machine tools, and 
plating for battleships.
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Knowledge o f metallurgy is important in understanding the production, 
properties, and applications of both iron and steel. The primary difference between iron 
and steel is the amount o f carbon content. A secondary difference is the type of furnace 
used in producing both iron and steel. Steel is typically made in a furnace developed in 
the late 1800s called the Bessemer Converter and, as a result, will have a maxim um  
carbon content o f 2%. Iron, on the other hand, will have higher percentages of carbon 
content. Iron and steel are classified as ferrous materials because the major constituent o f 
both is ferrite. Steel can be classified as low carbon, medium carbon, or high carbon 
content. According to Svoboda (1996), low carbon steel has a carbon content of 0.01 to
0.20%, medium carbon steel has a carbon content of 0.20 to 0.50%, and high carbon steel 
is categorized as having a carbon content greater than 0.50 to a maximum of 2.0%. The 
percentage o f carbon in metal affects the hardenability o f the material.
In contrast to steel, iron containing little or no carbon is very soft and malleable. 
An example o f this is wrought iron, which is typically used for decorative purposes. On 
the other hand, cast iron has higher percentages of carbon than steel. With the exception 
of wrought iron, the carbon content range for cast iron is greater than steel and is 
typically 1.5 to 5.0% resulting in a material that is harder and less ductile than steel. Iron 
can be classified into five basic types: gray, white, ductile, malleable, and mottled 
(Stefanescu, 1996). The properties of both gray iron and medium carbon steel have made 
them the most practical and advantageous metals to be used in many manufacturing 
processes. Two of those desirable properties are wear resistance and relatively low
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3production costs. Several applications o f these metals include the manufacture o f mining 
machinery, construction equipment, consumer products, and transportation equipment.
Although most steels are used in the as-cast condition, heat treatment can be 
utilized to develop the mechanical properties for specific design requirements. The most 
common methods o f hardening are normalizing, annealing, tempering at different 
temperatures, and quenching (Svoboda, 1996). The addition o f alloys to plain carbon 
steel is another method to alter mechanical properties such as strength and hardness. 
There are, however, certain applications where surface hardening or selective hardening 
is sought. The two traditional methods used for surface hardening are direct heating by 
flame or the induction heating process.
There are some drawbacks associated with the traditional processes to affect 
surface hardness. Selective hardening of specific areas is not easily or accurately 
accomplished. Excessive time is involved in conducting the surface hardening 
procedure. Finally, incorrect timing during austenizing, quenching, or the annealing 
process will make the part properties o f hardness or case depth subject to variation 
(Horsch, 1996a). Verification of these metallurgical properties in the past has been by 
mechanical (destructive) testing, and more recently, by nondestructive evaluation (NDE).
One method for enhancing the surface characteristics o f steel while addressing the 
problems o f traditional surface treatment is the application o f lasers. Hitchcox (1986) 
states that the General Motors Corporation utilized the first industrial application for 
selective surface hardening of metal in 1974. Since then, lasers have been investigated 
for surface hardening and successful experiments o f this surface treatment method have
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4been conducted (Cemy, Furbacher, & Linhart, 1998; Li, Easterling, & Ashby, 1986; 
Mazumder, 1983; Tabrizi, 1987; Tayal, Khan, & Mukherjee, 1984; Tayal & Mukheqee, 
1994). Their findings suggested that laser surface hardening has specific advantages over 
conventional techniques. Currently lasers are being used for surface hardening in a 
variety of applications in the automotive, aircraft, and paper industries.
Light amplification by stimulated emission o f radiation (LASER) is based on the 
theory that particles of light with energy of a particular frequency could stimulate atomic 
electrons to emit radiant energy as light from the same frequency (Riahi, 1992). The 
development of a machine to generate radiation is known as a LASER. There are two 
types of lasers in use for surface hardening today: carbon dioxide (CO2) lasers and 
neodymiumryttrium aluminum gamett (Nd:YAG). The application of a particular laser is 
dependent on material thickness, metallurgical properties, and desired outcome. The 
NdrYAG lasers are available with continuous outputs o f approximately 4 kW and they 
produce shorter wavelengths o f light at 1.06 pm. In comparison, the CO2  laser is more 
powerful with continuous output power of 45 kW and a longer wavelength of light at 
10.6 pm. Because of their practicality and versatility, lasers are relatively more 
economical to use in comparison with the traditional methods of heat treatment when 
overall costs are considered. Lasers have also been used in other industrial applications 
for cutting and welding.
Utilizing a laser for surface heat treatment o f metals has many advantages. Some 
of the prevailing characteristics are as follows:
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1. Thermal distortion or warping is negligible compared with conventional heat 
treatment methods.
2. Selective areas on a part can be treated and the remainder o f the part can be 
left intact.
3. Laser treatment provides easy access to confined areas by simple optical 
manipulations.
4. Such treatment does not exert any mechanical stresses on the work piece.
5. It is easily adapted to a variety o f applications by varying the energy density 
and optical lenses.
6. Because no post machining (grinding) is required, shallower case hardened 
depths may be specified.
7. Processing time is shorter and is more energy efficient.
Laser surface treatment can lower overall production costs by eliminating post 
machining operations and additional operations. However, laser surface treatment does 
have some limitations as well. These limitations include the following:
1. Cost of the process is higher than conventional heat-treatment methods.
2. There is an intrinsic surface reflectivity of most metals, which requires a 
conductive coating to be applied to the treated surface.
3. The overlap region o f  adjacent passes is difficult to control.
4. Process variables can be difficult to control.
The idea for initiating this study arose from observing the need in an industrial 
setting. The industrial sponsor performs laser heat treatment to a variety o f metal
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6components. To verify hardness after the laser process, a destructive test has been 
utilized. The industrial sponsor is looking for a non-destructive test to verify hardness 
after the lasering process. Of the available non-destructive testing methods, eddy current 
testing, appears to offer the greatest potential for determining hardness. Much research 
has been performed in each field, but scant research has been performed combining the 
two fields. The primary focus of this research is to take two processes (laser heat 
treatment and eddy current analysis) and combine them into one area. An understanding 
of these principles is required to provide broader information to all areas. As defined in 
the context o f this study, the term microstructure follows the standard specifications for 
steel and alloy. The American Society for Testing and Materials (ASTM) Standard A781 
lists the chemical composition of steel to include the following elements: carbon, 
manganese, silicon, phosphorus, and sulfur. The product analysis tolerances shall 
conform to the appropriate percentages of each element for each different grade of steel 
as listed under ASTM Designation A 27.
Statement o f the Problem 
The problem o f this study was to determine the relationship between 
microhardness and microstructure as determined by an eddy current value (magnetic 
permeability) o f laser heat-treated AISI 1045 steel using a carbon-dioxide laser.
Statement of Purpose 
The m ain purpose of this research study was to provide additional information 
and knowledge with respect to verification o f hardness by non-destructive testing for 
laser surface treated steel. Therefore, the main objectives were as follows:
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1. To study the microstructural changes formed by laser surface treatment 
utilizing a carbon dioxide laser.
2. To investigate the microhardness and depth o f  hardness formed by laser 
surface treatment utilizing a carbon dioxide laser.
3. To develop a measure o f correlation between microhardness, microstructure, 
and eddy current values.
Significance of the Problem
Steel and gray iron castings are some of the m ost widely used metals in 
manufacturing. Many o f these castings are used as parts or assemblies o f larger 
components. Once these assemblies are placed in service, they will be subjected to wear, 
fatigue, and the environment. All o f these parameters w ork to reduce the service life 
span of the product. Proper preventive maintenance will sustain the product for a  longer 
time period, but even this method has its limitations. There are a variety o f cases where 
critical service applications require greater strength, wear- resistance, and fatigue life. 
Increasing the durability o f steel products could improve the quality of the product and 
provide cost savings as well. This can be accomplished w ith both conventional heat 
treatment and laser surface treatments. However, both processes are subject to variation.
Given today’s global competition, the push to strive for greater quality in products 
and services is an integral component to an overall quality program. Quality can be 
viewed not only in the sense of performance but also as a way o f reducing overall 
organizational costs. If  a nonconforming product or service reaches the customer or the 
product fails prematurely, the supplier incurs the greatest costs o f  poor quality (Summers,
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81997). Depending on the type o f product being manufactured, many quality 
measurement techniques consist o f visual inspection or mechanical testing to verify 
conformance to a specification. As in the case of steel castings produced in a foundry, 
visual and mechanical inspections would require destroying the part rendering it useless 
after inspection (Long, 1998). This inspection method is hard to control and is always 
performed after the work is completed. Performing 100% inspection by destructive 
testing is clearly not possible. Performing spot checks to assess product variation in 
conjunction with statistical analysis can be conducted. However, some manufacturing 
variation will occur that is not subject to the standard statistical distribution. Therefore, 
performing spot checks will only detect changes in the process that occur rather slowly; 
as a result o f unpredictable errors, defined parts will pass undetected. This is not an 
acceptable outcome in today’s marketplace characterized by global competition and 
stricter quality standards. Currently, the conventional method o f  verifying hardness is 
mechanical testing, which is performed off-line and after production. To improve 
product quality, reduce costs, and ensure customer requirements, an in-line process of 
verification needs to be developed. As a result of this research, an in-line process could 
be established to monitor and control the process of laser hardening o f AISI 1045 steel.
Currently, there is a lack o f  research extending laser hardened materials and eddy 
current testing. Research has been performed to study both laser hardened materials and 
eddy current testing, but there is limited data in the literature reflecting the relationship 
between the two. In the area o f  laser heat treatment, much research has been performed, 
but there has been a considerable amount o f scatter in the limited body o f experimental
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9data as found by Bradley (1988). Other researchers have found process variability 
(Cemy et al., 1998), inconclusive results, or have limited the study o f their work to one 
factor at a time. Eddy current testing, on the other hand, has been used extensively for 
detecting a variety of defects. However, there are few applications found in the literature 
describing the use of eddy current to determine hardness of a metal. All of this work 
evaluated hardness as determined by conventional heat-treatment methods and single 
frequency test systems. According to Horsch (1996a), single-frequency analysis is 
considered to be unreliable and the new multi-frequency systems provide a more reliable 
method for the field o f eddy current testing. Further research needs to be performed 
using eddy current evaluation to test the hardness, case depth, and microstructure o f laser 
heat-treated materials. Horsch (1996b) states that as a result of product liability, 
companies will need to test 100% of their hardened parts by means of a fast, reliable, and 
inexpensive method. Eddy current evaluation may be a possible alternative to destructive 
testing methods. Shaffer (1994) states that eddy current testing can be used as a process 
control tool, but the results need to be correlated with other production process variables 
to improve the overall manufacturing process. In material testing, the future will 
certainly continue the current trend in quality o f detecting defects, but the movement is 
toward developing systems for the prevention of defects in the production process.
Nondestructive evaluation (NDE) methods are increasingly being applied to 
monitor the metallurgical properties of both steel and gray iron castings. The five major 
NDE inspection methods include (a) liquid penetrant testing, (b) magnetic particle 
testing, (c) ultrasonic testing, (d) radiographic testing, and (e) eddy current testing.
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Among these methods, eddy current testing is quite versatile and has been utilized to 
detect surface and subsurface defects located close to the surface, as well as measuring 
physical properties including electrical conductivity, hardness, and magnetic permeability 
(Hull & John, 1988).
Eddy current inspection has proven to be fast and effective in detecting or 
monitoring changes in metallurgical properties. Some organizations have installed eddy 
current testing equipment directly in-line with the manufacturing process to improve 
inspection reliability, reduce human interaction and error, and reduce costs. The current 
research and development o f eddy current inspection is directed in part towards achieving 
quantitative test results, reducing human interaction with the testing process, and 
integrating into the production and maintenance procedures of manufacturing (Shaffer, 
1994).
This study has been designed to investigate this existing technology, eddy current 
inspection, and to develop a measure of correlation for utilizing this nondestructive 
evaluation method to determine hardness and microstructure of laser surface treated AJSI 
1045 steel.
Research Questions
Research questions were established for this study based upon the lack of 
conclusive research findings in the literature which would lead to directional hypotheses. 
In conducting this study, answers to the following questions will be established in 
relation to A IS I1045 steel:
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1. To what extent is there a relationship between microstructure and 
microhardness?
2. To what extent is there a relationship between microhardness and magnetic 
permeability (eddy current reading)?
3. What is the relationship between microstructure and case hardened depth of 
laser surface treatment when varying the scanning  rate?
4 . What is the effect o f laser surface treatment, when varying the scanning rate, 
on magnetic permeability?
Assumptions
In pursuit o f this study, the research was conducted using the following 
assumptions:
1. Test specimen selected accurately represents the metallurgical properties of 
other materials in its class.
2. Any inaccuracies and wear characteristics of the laboratory testing equipment 
were insignificant and did not affect the results of this study.
3. The test equipment was calibrated to accuracies within standards acceptable 
for this research study.
4. The power output o f the laser is accurate and repeatable for this study.
5. The traverse velocity with which the test samples pass through the laser beam 
is accurate and repeatable for this study.
6. The operator using the equipment is trained and performs the test procedures 
correctly.
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Delimitations
This study was delimited to commercially available A IS I1045 steel material 
under study.
Limitations
In order to restrict the scope of the study, the following limitations were imposed 
in this research study:
1. Only medium carbon steel (0.3%-0.5%) will be used as the material specimen. 
This material is most commonly used for conventional heat treatment procedures in 
industry today.
2. Only a 5000W carbon dioxide laser set at a continuous wavelength and 
constant power output will be used.
3. Traverse speeds of the indexing table o f  500 m/s, 700 m/s, and 900 m/s will be
used.
4. Only one-inch square steel barstock will be used in this study.
5. Only black paint ■will be used as an absorbent coating on test specimens.
6. One constant beam width o f three-eighths o f an inch will be used for laser 
heat-treatment.
Organization o f the Study
The four chapters that follow were written to describe the information which has 
been presented in this chapter, to synthesize related research, to analyze the data, and to 
offer conclusions reached on the basis o f the findings. A review o f related literature and 
current research is presented in chapter II. Chapter III details the methodology used in
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the study. The organization and statistical analyses o f the data are presented in chapter 
IV. Finally, chapter V is devoted to a summary of the study, to recommendations for the 
practice o f formative evaluation in higher education, and to provide recommendations for 
further study.
Definition of Terms
Certain terms that are used, although not unique to this study, have been defined 
to clarify their use in order that readers have a common basis for understanding their use 
within the context o f this research. The definitions of the following terms were taken 
from the Metals Handbook, 1985 (pp. 1-19), unless noted otherwise:
Annealing: A generic term denoting a treatment, consisting of heating to and 
holding at a suitable temperature for a predetermined period o f time followed by cooling 
at a suitable rate; used primarily to soften metallic materials and alloys.
Austenitizing: Forming austenite by heating a ferrous alloy into the 
transformation range (partial austenitizing) or above the transformation range (complete 
austenitizing).
Case: That portion o f a ferrous alloy, extending inward from the surface, whose 
composition has been altered during case hardening.
Case Hardening: A generic term denoting a process applicable to steel that 
changes the chemical composition o f the surface layer by absorption of carbon, nitrogen, 
or both and, by diffusion, creating a concentration gradient.
Ductility: The ability o f a material to change shape without fracture.
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Eddy Currents: Electrical currents caused to flow in an electrical conductor by 
the time or space variation of an applied magnetic field.
Ferrite: An essentially carbon-free solid solution in which alpha iron is the 
solvent and which is characterized by a body-centered cubic crystal structure.
Ferrous: Metallic materials in which the principal component is iron.
Graphitization: Primary formation of graphite in iron or steel during 
solidification or secondary formation during heat treatment.
Hardness: A measure o f the resistance of a material to surface indentation or 
abrasion.
Heat Treatment: Heating and cooling a solid metal or alloy in such a way as to 
obtain desired conditions or properties.
Heat Affected Zone: That portion of a base metal that is not melted during 
brazing, cutting, or welding, but whose microstructure and mechanical properties are 
altered by the heat.
Induction Hardening: A surface-hardening process in which only the surface 
layer of a suitable ferrous workpiece is heated by electrical induction to above the upper 
transformation temperature and immediately quenched.
Magnetic Permeability: A generic term used to express various relationships 
between magnetic induction and magnetizing force.
Martensite: A generic term for microstructures formed by a diffusionless phase 
transformation in which the parent and product phases has a specific crystallographic
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relationship. Martensite is characterized by an acicular pattern in the microstructure in 
ferrous and nonferrous alloys.
Metallography: The science dealing with structure o f metals and alloys as 
revealed to the unaided eye or by using such tools as low-power magnification, optical 
microscopy, and diffraction or x-ray techniques.
Microhardness: The structure o f  metals as revealed by microscopic examination 
o f  the etched surface o f a polished specimen.
Micro structure: The structure o f  polished and etched metals as revealed by 
microscope at a  magnification greater than 10 diameters.
Nitriding: A casehardening process that introduces nitrogen into the surface 
layer by holding it at a suitable temperature in a nitrogenous atmosphere o f appropriate 
composition.
Normalizing: Heating ferrous alloy to a  suitable temperature above the 
transformation range and then cooling in air to a  temperature substantially below the 
transformation range.
Quenching: Rapid cooling. When applicable, the following more specific terms 
should be used: direct quenching, fog quenching, hot quenching, interrupted quenching, 
selective quenching, spray quenching, and time quenching.
Roughness: Deviations from a  nominal surface, which are characterized by the 
surface regardless o f  the distance o f  the irregularities (Broadston & Broadston, 1977).
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Surface Hardening: A generic term covering several processes applicable to a 
suitable ferrous alloy that produces, by quench hardening only, a surface layer that is 
harder or more wear resistant than the core.
Tempering: Reheating hardened steel to some temperature below the eutectoid 
temperature to decrease hardness and/or increase toughness.
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CHAPTER II 
REVIEW OF RELATED LITERATURE 
Introduction
In the review of related literature, a wide variety of research sources have been 
examined. The review of the literature has been delineated under six major headings:
(a) Laser Processing, (b) Inspection, (c) ISO 9000, (d) Eddy Current Testing, (e) 
Measurement Methods, and (f) Eddy Current Probes. The order of this section has been 
organized to follow a natural flow of information starting with laser processing for heat 
treatment and finishing with material testing.
The review of literature supports the need to determine the factors influencing the 
relationship of laser processing and eddy current analysis. The following review is the 
author’s endeavor for reporting of the related literature.
Laser Technology
Interest in the use of the laser has grown tremendously since its development 
nearly four decades ago. In 1960, T. H. Maiman developed the ruby laser, which was the 
first optical-frequency laser device (Williams, 1987). It operated on the principle fact 
that atoms can exist only at certain energy levels. When atoms fall from a high energy 
level to an intermediate level, particles o f red light are emitted before the atoms 
completely return to a low energy level. The red photons (particles of light) interact at 
the intermediate energy level with other atoms to produce a cascading photon emission. 
The ruby laser operates by a rapid series o f pulses, whereas a gas laser, which was 
created shortly after, provides a continuous beam of light.
R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
18
Since its inception in 1960, the laser has gained widespread acceptance as a 
powerful tool. Many applications o f lasers have been developed for a wide range of 
fields including engineering, medicine, communications, the military, and industry.
There are two basic types o f lasers in use today. The neodymium doped, yttrium- 
aluminum-gamet (Nd: YAG) is used in some surface treatment of metal, but it has much 
less power output. The most commonly used industrial laser and the most often 
discussed in published work on laser surface hardening is the carbon dioxide (CO2) gas 
laser (Hitchcox, 1986; Tayal & Mukheijee, 1994). This type of laser is capable of 
generating a continuous wavelength at an extremely high power output in the form of 
light.
Carbon dioxide is not the only gas used in a gas laser. Carbon dioxide is the 
primary component for photon generation, but two additional gases are required.
Nitrogen is used to provide assistance for exciting CO2 molecules to their highest level 
(Sanderson, 1983). Helium is also used to provide cooling within the laser cavity 
allowing CO2  molecules to drop to lower energy levels. The ratios o f the three gases are 
80% helium and the remaining 20% an equal amount of both nitrogen and carbon 
dioxide.
Sanderson (1983) and Migliore (1998) have concluded that a CCb laser is the 
most efficient laser processing available today. The amount of energy absorption by the 
workpiece is used to determine the efficiency o f the laser surface treatment. However, 
metals have an intrinsic surface reflectivity that interferes with the absorption o f energy.
A CO2 laser emits a wavelength of 10.6 microns, and Migliore (1998) states that steel
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reflects nearly 80% o f that wavelength. This reflectivity and loss of energy is extremely 
undesirable. Therefore, the surface of the metal must be coated with a substance that 
absorbs laser light. The most common materials used as an absorbent coating include 
black paint, phosphates, graphite, and oxides (Migliore, 1998).
Much debate has transpired regarding the exact absorptivity of coatings as they 
greatly affect the coupling o f energy to the work. Courtney et al. (as cited in Mazumder, 
1983) reported an absorptivity of 60% for graphite coating. Arata (as cited in Mazumder, 
1983) quoted 50—90% absorptivity for phosphate coatings. Finally, Trafford (as cited in 
Mazumder, 1983) found absorptivity o f phosphate coatings to be around 70—80%. It 
seems to be a general consensus that an absorption rate o f 80% can be achieved by any of 
these coatings. The absorption rate of a coating can be measured using a calorimeter. In 
addition to the type o f coating, the coating thickness, condition, adherence to the 
substrate, and heat transfer between the coating and substrate will influence both the 
absorptivity and resulting metallurgical properties (Mazumder, 1983). In a study by 
Bradley (1988), the predictions of the Davis et al. (as cited in Bradley, 1988) model for 
absorption rate were compared with measured values of the laser hardened depth of steel 
using a CO2 laser and intermediate scanning rates. It was determined from differences 
between calculated and measured hardened depths that for either fast or slow scanning 
rates, the absorptive coating was inefficient at coupling the laser beam to the steel.
Bradley (1988) recommends additional research be conducted to determine how the 
coupling coefficients o f different coatings will vary with various processing parameters.
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Laser Processing
Surface structure alteration through thermal and diffosional treatments is routinely 
applied to metal to enhance its material characteristics. The surface can be scanned 
relatively easily with a laser beam to modify the metallurgical properties o f the substrate. 
The typical material for laser surface treatment is steel and some cast iron. Basically, in 
laser surface hardening, the surface is irradiated with a laser beam for a short period of 
time. This intense heat source accelerates the heating rate of the scanned surface without 
affecting the surrounding material. Once the laser beam is moved from the irradiated 
surface, a very rapid cooling rate takes place. The mass of material surrounding the thin 
irradiated zone functions as a quenching medium. The rapid quenching of the substrate 
altars or drastically changes the microstructure resulting in changes in both physical and 
mechanical properties.
During the laser surface treatment, the laser beam heats the metal to just short of 
the melting point but attaining the transformation temperature A cl. This is the 
temperature where austenite begins to form during heating. As the transformation 
temperature rises to Ac3, Wei and Chen (1994) stipulate that the heated zone is not folly 
transformed to austenite immediately once this temperature is reached. The Ac3 
transformation temperature is where the transformation of ferrite to austenite is 
completed during heating. As a result, complete transformation of austenite is limited to 
the area where the temperature is greater than Ac3. Once the intense heat of the laser 
beam is moved, rapid quenching o f the material transforms the austenite to a martensitic
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structure in the heated zone. This martensitic structure is harder resulting in changes o f 
the metallurgical properties.
Because of the complex and rapid phase transformation during the laser 
processing, much discussion has taken place within the literature. One group of 
researchers has focused on the effects that varying laser process parameters have on the 
resulting microstructure, hardness, and shape of the heat affected zone. Tayal and 
Mukheijee (1994) studied the influence of process parameters including laser power, 
focusing conditions, and traverse speed on the surface hardening o f AISI 1045 steel using 
aNd:YAG laser. The researchers compared their findings with Green’s function (as cited 
in Tayal and Mukheijee, 1994), which is used to predict case depth and temperature 
distribution during laser hardening. A correlation is established between hardness and 
microstructure in the laser hardened layers o f steel, but it does not account for the 
traverse speed of the laser beam. The researchers also concluded that case depth could be 
predicted assuming temperature—independent properties. Wei and Chen (1994) also 
studied the influence of processing variables and tempering conditions of three laser 
treated chrome-moly steels (4140, 4130, and 4118). As a result, a set o f curves were 
developed to predict the case hardened depth of steel that was laser heat treated and then 
tempered using conventional methods.
Another group of researchers has studied the fatigue properties and wear 
resistance of laser treated steels. Bello, Fernandez, Lopez, and Ruiz (1994) investigated 
the effects that laser heating steel, using various scan rates, impacted wear resistance and 
fatigue properties. They determined that the hardening profile varies as a function of the
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resistance as a result o f  the laser surface treatment. Results o f other research on 
improved fatigue properties were not as conclusive (Cemy et al., 1998). The work of 
Rosecrans (as cited in Cemy et al., 1998) opined that there are negative effects o f laser 
heat treatment on fatigue properties. They found a reduction in fatigue strength and 
determined that it was related to the original composition of the material and the laser 
processing parameters. Both Gnanamuthu (1979) and Cemy et al. (1998) concluded that 
fatigue properties and wear resistance of steels could be improved by laser heat-treating. 
In addition, they also concluded that the results o f using laser technology are very 
sensitive to process parameters, initial composition, and microstructure of the materials.
A third group o f researchers has investigated thermal stresses of steel as a result 
of laser heat treatment. Yilbas, Sami, and Shuja (1998) conducted a study to compute the 
temperature field and resulting thermal stresses developed in steel. A Nd:YAG laser 
delivering a pulsed laser beam was utilized in the study. Researchers found that short 
pulse lengths resulted in high temperature increases on the surface of the steel. This 
resulted in considerable thermal stress in the heat affected zone.
Laser heat treatment, according to Mazumder (1983), is one of the most 
acceptable laser materials processing techniques. It is also considered one of the most 
adaptable processes offering advantages o f heat treatment where classical hardening 
methods are not applicable. The overall efficiency and practicality makes the CO2 laser 
an ideal tool in the process o f laser surface treatment in metallurgy. In contrast, the
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limited body of experimental data coupled with some variability of processing parameters 
suggests additional research in this field.
Inspection
Before the creation of mass production or the concept o f interchangeable parts, 
artisans were responsible for creating an item from start to finish and providing the 
finished product to the customer. The artisan directly addressed any dissatisfaction with 
the product. With the advent o f mass production, the customer no longer dealt directly 
with the individuals responsible for producing the parts. As a result, inspection of the 
product evolved to ensure that the customer was receiving a quality product.
According to Summers (1997), inspection is defined as “those activities designed 
to detect or find nonconformance existing in already completed products and services”
(p. 8). In a simpler form, inspection involves evaluating the quality of a characteristic to 
a known standard. The inspection process is often divided into three areas: incoming 
inspection, in-process inspection, and final inspection.
Incoming inspection is a procedure for evaluating the quality of materials 
received by an organization. This usually consists of purchased raw materials, 
assemblies, or manufactured components. The in-process inspection is performed to 
detect nonconforming parts and to prevent having additional value added activities being 
performed on the defective parts. This is done during the manufacturing process to 
reduce costs and to improve the quality of the product while it is being manufactured. 
Final inspection is performed, as the name implies, at the end o f the manufacturing and 
production process. This evaluation is conducted on the finished product before delivery
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to the customer. If  a defect is found, the product many be reworked, if  possible, or 
scrapped. In either case, additional time, money, or materials will be spent to remedy the 
defective parts.
ISO 9000
The term “ISO 9000” is derived from the Greek word “isos,” meaning “equal” 
(Summers, 1997). It is a  discipline for maintaining quality and making comparisons 
among companies equal. In addition, it is a certification process consisting of quality 
system requirements known as standards. Companies seeking to compete on a global 
basis are finding it necessary to become certified. French and Nicholas (1992) stated that 
“to remain competitive, companies must satisfy increasingly stringent requirements for 
quality processes and quality management systems” (p. 42).
The International Organization for Standardization (ISO) is a worldwide 
federation o f  national standards with the governing body based in Geneva, Switzerland. 
This governing body is comprised of representative from over 100 countries, including 
the United States (Chase, Aquilano, & Jacobs, 1998). The ISO 9000 series is comprised 
of five basic standards from ISO 9000 through ISO 9004. Specifically, ISO 9000 is only 
a guideline, which explains how to use four other standards in the series. ISO 9001 is the 
highest level o f  certification and includes the areas of design, procurement, production, 
installation, and servicing. ISO 9002 is applied to procurement, production, and 
installation. ISO 9003 is used primarily for final inspection testing within a portion o f the 
production area. ISO 9004 involves internal programs for companies seeking the benefits 
of the standards without pursuing certification. Further ISO 9004 deals with internal
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guidelines for quality management and systems. Section 10.1.5, which refers to quality
in production, stated “Efforts to develop new methods for improving production quality
and process capability should be encouraged” (ISO 9004, 1987). One other section worth
noting is section 12.2, which relates to in-process inspection, stated:
Inspection or tests should be considered at appropriate points in the process to 
verify conformity. Location and frequency will depend on the importance o f the 
characteristics and ease o f  verification at the stage o f  production. In general, 
verification should be made as close as possible to the point of production o f the 
feature or characteristic, (p. 12)
Eddy Current Testing 
Investigations into electromagnetic test methods have preceded the development 
of other nondestructive testing techniques (Shaffer, 1994). More than 150 years ago, 
both Michael Faraday and Joseph Henry independently discovered that a changing 
magnetic field produces an electrical current within a conducting material.
Approximately 12 years earlier, Hans Christian Oerstead accidentally discovered the 
relationship between electricity and magnetism. During a lecture and demonstration o f 
the heating effects o f electrical current flowing through a wire, Oerstead observed that an 
electric current produced its own magnetic field (American Society of Nondestructive 
Testing, 1979). The interaction between magnetic and electric fields occurs in all 
electromagnetic devices.
According to Yan (1996), the interaction between magnetic fields and electrical 
phenomena can be described by three of Maxwell’s equations:
V x E  =  -a B/St 
V x H = J
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V • B = O
where E is the electric field produced by a change in magnetic intensity of the field 
produced by the current density J. Further, B is the magnetic flux density and H is the 
magnetic intensity of the field as a result o f current density. The first equation is a form 
of Faraday’s law, the second is a form of Ampere’s law, and the last is Gauss’ law for 
magnetism (as cited in Yan, 1996).
The basic principles o f eddy current testing known today have existed for many  
years. The first paper and application of eddy current testing was published by D. E. 
Flughes in 1879 (as cited in Palanisamy, 1991). Hughes utilized eddy currents to perform 
simple sorting of coins and different metals and alloys, and to measure electrical 
conductivity (Palanisamy, 1991). Although eddy current testing was discovered more 
than 120 years ago, industrial applications of the method developed quite slowly.
Shaffer (1994), states that little industrial application of eddy current testing 
occurred before 1925, but between 1925 and 1945 a number of applications were 
developed. However, the results of the tests were qualitative and not quantitative and 
received little acceptance by industry. As a result, many o f the tests quickly disappeared 
from use.
The development of more stable test equipment led to more practical industrial 
applications in the 1950s. Frederich Forster o f Germany developed instrumentation with 
impedance plane signal displays, which provided discrimination of different variables. 
Forster is generally recognized as the “father” o f modem eddy current testing. His work 
resulted in a major increase in the acceptance o f eddy current testing (as cited in Shaffer,
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1994). The late 1960s and early 1970s saw eddy current become more widely accepted 
as a result o f advancements in equipment and technology. Eddy current testing has 
become the standard technology in a variety of applications and is recently being applied 
to the production and maintenance areas in manufacturing (Shaffer, 1994).
A typical eddy current test is based on the principle o f electromagnetic induction 
between an inspection coil with sending and receiving windings and a conductive 
material to be tested. When an alternating current is used to excite a test coil, an 
alternating magnetic field is produced in the coil. The magnetic lines of flux are 
concentrated at the center of the coil. When the test coil is brought near to or placed on 
an electrically conductive material, the alternating magnetic field penetrates the material 
and induces circular (eddy) currents in the material as shown in Figure 1 (American 
Society of Nondestructive Testing, 1979). The flow of eddy currents into the material 
produces a fluctuating magnetic field of its own. This secondary magnetic field is always 
in opposition to the magnetic field of the coil. When the test coil is placed on a 
conductive material, the eddy current’s magnetic field will have a weakening effect on 
the coil’s primary magnetic field. As a result, the impedance o f the coil is reduced 
proportionally as eddy currents are increased into the material.
When the test coil operates in a stable environment, the magnetic filed produced 
is equivalent to the magnetic field produced by the eddy current flow. Several conditions 
that can change the field intensity of the coil include test object thickness, test object 
conductivity, test object permeability, flaws in the material, and distance between the test
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coil and test object. Each of these characteristics will impact the eddy current flow 
affecting the eddy current magnetic field; this in turn affects the impedance o f  the coil.
INDICATING
INSTRUMENT
.TEST COIL
DIRECTION OF COIL'S FIELD 
DIRECTION OF EDDY CURRENTS FIELD
CONDUCTIVE
MATERIAL.
Figure 1. Principle o f Eddy Current.
A flaw in the test material interferes with the eddy current flow lengthening the 
eddy current path. This change in the current path reduces the secondary magnetic field 
and increases the coil impedance. The inductive reactance of the coil will continue to 
increase in equivalence to the severity o f the defect. When a test coil is moved over a 
defect in a conductive material, a temporary change occurs in coil reactance and coil 
current. This change can be displayed by electronic equipment and by monitoring the 
impedance o f the test coil, the characteristics o f the test material can be determined.
Eddy current testing can be used to identify changes in metallurgical conditions, 
specific conductivity, magnetic permeability, and thickness of coating (Rapaport & Bilik, 
1998). There are many advantages of eddy current testing. First, it is relatively fast.
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Second, it is sensitive to changes in the test specimen. It is not necessary to have 
physical contact between the test coil and material. It is also readily adaptable for 
go/no-go testing. Finally, it is sensitive to many physical and metallurgical variables. 
The disadvantages of eddy current testing are reviewed as well. Eddy currents are 
affected by the orientation o f a flaw in the material. Secondly, the technology requires 
highly skilled operators for successful testing results and operating procedures. Thirdly, 
eddy current testing is applicable to conductive materials only. The depth of penetration 
of the eddy current is restricted to a depth o f approximately one-quarter o f an inch. 
Finally, eddy current sensitivity increases at the test surface closest to the coil.
The direction of the latest research and development venture o f eddy current 
testing is to achieve quantitative interpretation of test results, to develop correlations 
between observed eddy current values and desired variables in the test material, and to 
separate a desired variable from eddy current signals that are influenced by undesirable 
variables in a test material (Goldberg, 1998; Palanisamy, 1991; Shaffer, 1994;).
Measurement Methods 
The three major measurement methods used to study different characteristics of 
eddy current inspection include microwave, pulse, and multi-frequency (Horsch, 1996b). 
Each o f these methods has specific advantages and disadvantages.
Microwave testing operates at a higher test frequency and, as a result, is more 
applicable for precise measurement o f surface defects. The limitation of this method is 
that the equipment and operation have been considered too complex for most 
applications.
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Pulsed measurement systems are more applicable for detecting defects below the 
surface o f the test material. Information regarding the test material is determined by 
analyzing the shape o f  the resulting transient waveform. The limitation o f  the pulsed 
technique is insufficient theoretical and test parameter development (Sun et al., 1998).
Multi-frequency measurement methods were developed to eliminate the effects o f 
undesirable parameters inherent in other measurement producers. Parameters such as 
changes in conductivity, magnetic permeability, electrical properties, and lift-off noise 
(distance between the coil and test material) impact eddy current signals and test results. 
The limitation o f this method is that the instrumentation recognizes that a part deviates 
from an acceptable part, but no reason for the deviation is given (Horsch, 1996b).
Eddy currents can be induced in a conductive material by a changing magnetic 
field. The depth o f penetration o f  the eddy currents is a  function o f the operating 
frequency, the material conductivity, and the magnetic permeability o f the material 
(Hagemaier, 1985). The depth o f  penetration can be altered by varying the operating 
frequency o f the test instrument. Low frequency results in deeper penetration o f the eddy 
current field into the test material (Hagemaier & Nguyen, 1994; Horsch, 1996a). The 
“standard depth o f penetration,” 8, is used to describe this relationship. Hagemaier and 
Nguyen define the standard depth o f  penetration as “the depth o f penetration at which the 
current density drops to 37% o f  the current density at the surface” (p. 91). The standard 
depth o f penetration is given by the following equation:
8 =  26/(fpcr)1/2
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where
5 = one standard depth (inches) 
f  = test frequency (Hz) 
p. = magnetic permeability 
cr = material conductivity 
From this equation it can be seen that the eddy current density decreases exponentially 
with depth. As a result, different operating frequencies will produce different responses 
for the same discontinuity in the test material.
The current multi-frequency eddy current method is an advancement from the 
older mono-frequency systems. Using multiple test frequencies from 8 to 32 in number 
has provided greater freedom in eliminating undesirable variables. The multi-frequency 
eddy current testing procedure is one of the most efficient and reliable methods for 
inspection (Horsch, 1996b). It has been used for determining structure hardening and 
case depth inspection of conventional heat-treated material.
Little research has been reported in the literature for determining hardness and 
microstructure o f heat-treated parts. Eddy current testing has been proven a successful 
method for determining coating thickness (Amin & Peck, 1998), for estimating wear loss 
(Rapoport & Bilik, 1998), and for detecting surface defects on hot-rolled wire and bar 
coils (Roberts & Leahy, 1999). Horsch (1996a) has performed some multi-frequency 
eddy current testing on several induction heat-treated materials. He has found that 
electrical and magnetic conductivity is influenced by the microstructure o f the test 
material. The variable applicable for eddy current testing is permeability (magnetic
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conductivity). Horsch (1996a) states that permeability is a relative number without any 
dimension, which indicates how a material can conduct electric flux lines in comparison 
to air. The correlation between permeability and field strength is not linear and 
resembles a positive skewed distribution. Horsch has foumd that every structure and 
material exhibits a characteristic permeability.
Eddy Current Probes
Three basic types of probe coils used in eddy current testing (American Society of 
Nondestructive Testing, 1979) are surface coil, encircling co il, and internal coil. Eddy 
currents flow at right angles to the coil’s magnetic field. W hen using a surface probe coil 
for testing, the induced eddy currents will be parallel to the: surface of the test material. 
This lends the surface probe coil for detection of surface cr-acks, thickness measurement 
of non-conductive coatings, and material sorting.
The encircling coil, as the name implies, consists off an external wire wrapped 
around the test material. Because of the design of an encirocling coil, it is most applicable 
for testing tubing, bar stock, and wire. These materials are similar in shape and facilitate 
the speed of performing the test with this style of coil. T h e  encircling coil is especially 
adapted to locating defects, which are parallel to the lengthi. of the rod (American Society 
o f Nondestructive Testing, 1979).
The internal (Bobbin type) coil can be inserted into pipe and tubing to inspect for 
defects on the inner surface and near surface of a test material. This type of test coil 
facilitates a relatively fast inspection speed and is best suited  for detecting volumetric 
mechanisms.
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Additional research has been conducted to develop coil probes for specific 
applications- Cecco, Carter, and Sullivan (1993) reported on a new probe design called 
the G-3. This probe has both a transmitting and receiving coil laterally displaced in a 
single housing. These coils are spaced to minimize the direct coupling between them.
The G-3 coil operates at high test frequencies o f about 100 kHz or higher, which provides 
excellent sensitivity for detection of long surface cracks. Several additional applications 
of this style o f  probe are defect detection in weldments, short cracks and sizing depth of 
cracks.
Hoshikawa and Koyama (1998) reported on the development o f  a new probe that 
is composed o f  a small pancake coil and a pair o f tangential exiting coils. The induced 
eddy currents rotate synchronously with the alternating current in the exiting coils. When 
there is an anomaly in the test material, the eddy current flow is disturbed, resulting in the 
voltage o f the pickup coil to change. This allows for defects to be detected regardless of 
their orientation to the test probe. Hoshikawa and Koyama found that the new probe coil 
has improved performance because it eliminates lift-off noise, is self-nulling, and can 
distinguish the difference between a front surface and back surface anomaly.
Conclusion
In the review of the related literature, it is evident that there has been a 
progressive search to identify success factors and new applications relative to 
nondestructive evaluation of material hardness. However, almost without exception, the 
researchers who have been cited, have recommended additional research to contribute to 
the existing body o f  knowledge. Further, they have recommended that there is a need to
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examine the interrelationship o f variables, which leads to more conclusive results than 
previously found.
Bar-Cohen (2000) suggests that there is a potential benefit of synergistic 
interaction with interdisciplinary methods for non-destructive evaluation of materials. 
Further, he states that the American Society o f Nondestructive Testing (ASNT) has 
recognized this as well by offering sessions on interdisciplinary topics at recent 
conferences.
Based upon the review of related literature, this study examined a unique and 
composite application o f emerging non-destructive evaluation techniques in a relevant 
context. Further, this study examined previously unexplored relationships while making 
a substantial contribution to the empirical knowledge base previously reviewed. By 
studying these relationships, previously unexplored questions may be addressed and 
answered.
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CHAPTER III 
METHODOLOGY
This chapter provides an overview of the experimental research design which was 
conducted for this study. The research was performed in conjunction with an industrial 
sponsor, and the analyses were performed at the material testing laboratories of both the 
University o f Northern Iowa and Iowa State University’s Center for Nondestructive 
Evaluation. In addition, the material testing procedure was verified by utilizing recently 
calibrated testing equipment from a manufacturer located in the Cedar Valley Iowa area. 
An overview of the procedures followed in this study is provided below.
Procedure of Study
In conducting this study, the following seven steps were undertaken: (a) prepare 
test specimens, (b) conduct laser surface treatment, (c) perform eddy current analysis, (d) 
prepare samples for analysis, (e) perform mechanical testing, (f) undertake 
microstructural analysis, and (g) perform statistical analysis o f data. Also included with 
the methodology and procedure is a description of the statistical procedures which were 
utilized in regard to the data collected for this study.
Material Selection
The material selected for this study was a one-inch by one-inch square A IS I1045 
steel bar. This material is medium carbon steel 0.3-0.5% carbon, which the literature 
supports as the most likely type selected for laser surface treatment. Wollenweber (1996) 
states that steels having a carbon content of 0.3% or greater are desirable choices for laser 
surfacing hardening. Several examples of steels listed include 1045, 4150, and 4340.
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Tayal and Mukheqee (1994) also concluded that AISI 1045 steel is a  typical candidate 
for many automotive applications and an excellent choice for laser surface hardening.
Two other factors, cost and availability, were identified as additional reasons for the 
selection of AISI 1045 steel.
The steel barstock was purchased in a 12-foot length and sectioned in half for ease 
of transportation and delivery o f the material. One 6-foot length was randomly selected 
and further sectioned into samples 3 inches in length. This test sample length was 
determined to be an optimum length for analysis based on existing parameters o f the eddy 
equipment in use at the Iowa State University Center for Non-Destructive Evaluation. A 
horizontal band saw utilizing a typical cutting fluid was used to section the samples to 
eliminate the pretest possibility o f adding stress and/or altering the existing 
microstructure o f the workpiece.
Material Preparation
An important criterion for effective laser heat treatment is having a uniform 
surface where the laser beam travels. Cemy et al. (1998) discussed how the final results 
of laser surface treatment effectiveness are dependent upon several parameters including 
surface finishing operations. A rough surface finish would not allow full and uniform 
laser treatment, therefore the resulting changes in microstructure and hardness would 
vary from sample to sample. Thus, to reduce inconsistency in the material, two opposing 
sides of the square rod were subjected to a surface grinding operation prior to the laser- 
heat treatment. Each specimen was surface ground using an automatic surface grinder. 
The process o f  grinding was carefully designed to generate a minimal amount of heat on
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the surface due to friction during the material removal. Once again, this procedure was 
performed to minimize both stress and heat being induced into the samples that may lead 
to affecting the microstructure. A constant speed o f 250 RPM for the grinding wheel and 
intervals o f 0.002-inch material removal were programmed for each sample. One side of 
each sample was ground to a uniform flatness, cooled for one hour, and then each o f the 
samples was rotated 180 degrees. The opposite side o f the sample was ground using the 
same procedure and finish parameters. A coolant mixture consisting of water and mild 
soap was sprayed on the samples to reduce heating o f the surface and to flush metal 
residue from the grinding operation. The specimens were ground to a roughness standard 
of 16 micro inch as measured using the SURF-CHEK Standards (Broadston & Broadston, 
1977). Upon completion o f the surface grinding operation, the test specimens were 
rinsed in plain water, dried with a paper towel, and placed in plastic bags for delivery to 
be laser heat-treated.
Laser Processing
The use of a laser to perform such manufacturing operations as heat treatment, 
cutting, and joining o f metals has been in existence for sometime. While the laser 
processing has been used for treating material in a  variety of applications, the availability 
of commercial laser equipment is rather limited. Iowa Laser Technology, located in 
Cedar Falls, Iowa, had the appropriate equipment with the preferred specifications to 
conduct this study. Iowa Laser has both an NdrYAG and a carbon dioxide laser for 
processing metals. However, only the industrial carbon dioxide laser was used in this 
investigation for surface treating the 30 specimens.
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The basic operation of the laser consists of photons o f the laser beam interacting 
with free electrons in the material. When the high intensity light excites the electrons 
they are raised from a low energy level ground state to their highest energy level. The 
process is repeated until there are a greater number of electrons in the excited state rather 
than the ground state. This creates energy, which is emitted in the form of 
electromagnetic radiation. The radiation is a high concentration of light emitted at certain 
wavelengths depending on the materials used in the laser. In order to generate a heat 
source powerful enough to have the desired effect on the material, a radiation wavelength 
(A ) of 10.6 p.m is required (Mazumder, 1983). An Nd:YAG laser has lower power output 
and produces a wavelength o f 1.06 pm. In comparison, a typical gas laser such as a CO2 
produces a radiation wavelength o f 10.6 pm and greater power output. Furthermore, 
Migliore (1998) states that most practical laser heat treating operations require a 
minimum power output o f at least 3kW.
In selecting a laser for this study, both parameters o f specific power wattage and 
desired wavelength o f radiation was sought for an industrial laser. The most practical 
and convenient type o f  laser for this experimental study was determined to be an 
industrial CO2 laser with a power output of 5kW. The carbon dioxide laser in Iowa Laser 
Technology, used for this study, was a continuous power 5000 watts machine. After 
initial testing with extra 1045 steel, the laser was set and continually operated with 
respect to the process parameters programmed into the machine. Table 1 shows the laser 
settings used during the time of operation for this study.
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Figure 2 also shows the laser-testing set-up. The table movements and speed rates 
of the movements were precisely computer controlled. Three different traverse speeds 
were selected and 10 samples were laser treated at each of the three traverse speeds. 
According to Gregson (1981), traverse speeds for laser surface hardening between 0.5-5 
cm/s is recommended to obtain an effective mass quench. For this study, the traverse 
speeds selected were 22, 30, and 35 inches per minute. Converting these to the metric 
system results in traverse speeds o f 0.914 cm/s, 1.27 cm/s, and 1.47 cm/s respectively. 
These values are well within the recommended guidelines for laser surface hardening. 
Table 1
Operating Conditions o f 5000 Watt Carbon Dioxide Laser
Description Equipment Reading
Ambient Temperature 83 Degrees
Focal Length 17.5 Inches
Power 5000 Watts
Function Continuous Voltage
Frequency 22, 30, 35 IPM
Shutter Open
Gas On
Beam Width yr-i/2"
Surface reflectivity is one o f the most significant aspects o f  laser heat treatment of 
materials. In order for a laser to heat-treat materials the workpiece must be able to absorb
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the light energy emitted from the laser. Unfortunately, bare metal reflects almost 95% of 
the incident laser light from the surface when using an Nd:YAG laser (Migliore, 1998). 
Utilization o f a CO2 laser, as in this study, still reflects nearly 80% of the incident laser 
beam. Therefore, to reduce this problem, which is inherent with this type o f  substrate is 
to apply an absorbent coating known as to absorb laser light. Mazumder (1983) and
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Figure 2. X-Y rotary table and laser set-up.
Migliore (1998) both identify the coatings most commonly used to improve absorption as 
colloidal graphite, phosphate oxides, and black spray paint. None of the coatings are a 
panacea for the issues o f application and absorption effectiveness. However, black spray 
paint is cost effective, easy to apply, has high initial absorption, and bums away during 
the heat treatment process. For the reasons stated above, black paint was used on the
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specimens as the absorbent coating for this study. The coating thickness for the samples 
was in the range of 0.1-0.2 millimeters.
After all of the specimens were coated with black paint, they were then placed on 
the x-y indexing table and exposed to the laser light beam. The beam width was kept 
constant and set at 3/8”-l/2 ”. Once the specimens were laser treated on one side, they 
were left at room temperature to cool for two hours. The specimens were rotated 180 
degrees and the opposing side of the specimen was subjected to an identical laser 
treatment process. After the samples were cooled, they were placed in a box and were 
removed to the Center for Nondestructive Evaluation located in Ames, Iowa, for eddy 
current analysis.
Eddv Current Analysis 
The Center for Nondestructive Evaluation was chosen to perform the analysis of 
eddy current partly because eddy current test equipment is expensive and requires a 
highly skilled operator to perform the test accurately. Further, this laboratory also 
utilizes multi-frequency testing equipment, which is considered to provide more accurate 
results as compared to the older mono-frequency test equipment. The multi-frequency 
test equipment provided both an impedance number and a resistance number for each 
point tested on the material. The resistance number is temperature dependent and not as 
important as the reactance value. The reactance value is a measure of the permeability 
inherent in the material. Every structure and corresponding material has a characteristic 
permeability. Therefore, a test material with different heat treatments or non-uniform 
heat treatment will have developed a different microstructure, which exhibits a different
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permeability. Permeability varies with depth and cannot typically be determined at the 
surface of the material. Several test frequencies were used in an attempt to discriminate 
variations in permeability o f laser heat-treated steel to the appropriate permeability for a 
specified Rockwell hardness.
A Hewlett Packard model 4149A Impedance/Gain-Phase Analyzer was used to 
obtain the eddy current readings. The medium integrated time of 128, which is the time 
needed for number of cycles per second, was selected for this analysis. Several 
preliminary tests were performed at various test frequencies. The first frequency selected 
was 10,000 Hz, but it did not detect much of a change in the inside and outside the laser 
treated areas. Additional readings were taken at 50K Hz, 100K Hz, and 150K Hz, 
because higher test frequencies are more effective for surface or near surface analysis. 
Samples from each of the three traverse speeds as well as untreated steel were tested at 
these various frequencies. After careful analysis of the output readings it was determined 
that the 150K Hz setting provided the best discrimination. The analysis of the test 
samples was performed at 15 OK Hz while using a cylindrically shaped eddy current 
probe of lOOKHz.
The samples were arranged by traverse speed and oriented so that each specimen 
was analyzed in the same manner from front to back. The samples were marked so that 
three equally spaced readings at three-fourths o f an inch were taken of each sample along 
the center of the laser treated region. The eddy current probe was placed on each marked 
region for all of the samples. Both a resistance value and a reactance value were
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recorded three times per sample. When all o f  the samples were analyzed the specimens 
were then removed to the metallurgical laboratory o f The University o f  Northern Iowa.
Sample Preparation
In order to perform mechanical testing for different testing methods such as 
microhardness, microstructural analysis, and mechanical properties, a  piece from each 
specimen must be sectioned and removed from the sample. To perform mechanical 
testing in this study, 6  samples were randomly selected from each o f the 3 traverse speeds 
for a total o f  18 samples. Each of the samples was sectioned in the middle o f the 
specimen approximately where the second eddy current reading was obtained. The 
sectioned pieces were approximately 25 x 25 x 6  m illim eters in size and contained both 
the lased region and the untreated base material.
The samples were sectioned on a LECO wet saw model number CM 20. A low 
speed-sectioning disc was utilized to minimize the effect of heat generated during the 
sectioning o f  the samples. The specimens were placed in the enclosure o f the LECO and 
held within a chuck. Once the door is closed, the machine is started and the spray coolant 
activates. A  handle controlling the sectioning disc was pulled down by  the operator until 
the piece was completely sectioned. Extra care was taken to prohibit the coolant from 
washing away the numerical markings on each o f the samples. Finally, an approximate 
45-degree chamfer was ground to the comers o f  the topside of the sectioned samples to 
distinguish the topside from the bottom side o f the specimen during mechanical testing 
and microstructural analysis.
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To facilitate microhardness testing and provide stability to the test specimen, each 
sample was mounted on standardized cylinder shape bodies, which are typically made 
from Bakelite. The equipment used for this process operates on the principle o f  both 
pressure and heat. The sectioned piece is placed inside the mold cylinder, filled with a 
granular polymeric material such as Lucite or Bakelite, and then the cylinder cap is 
closed. The machine is turned on and both temperature and pressure are raised within the 
mold cylinder. The granular powders harden approximately within five minutes after 
being held at temperature and pressure. The temperature needed for this process is very 
low (compared to that generated due to lasing process) and not expected to affect the 
mechanical properties or the microstructure of each sample. Figure 3 shows a typical 
example of a sectioned sample mounted in a Bakelite cylindrical holder. After all o f  the 
mounted samples were made, a hand-held dremel tool was used to engrave both the 
traverse speed and sample number to the back of the mounted sample.
Figure 3. Cross section o f mounted sample.
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The sectioned samples were then ground utilizing a  horizontal grinder for both 
rough and fine grinding. Silicon carbide grits o f220, 320, and 600 were used on each of 
the samples. Each sample was placed on the flat wheel spinning in a circular motion. 
After the scratches were removed the samples were then polished. Polishing was 
performed in two stages with the rough polishing taking place first. The purpose o f the 
rough polishing is to remove any fine scratches left from the grinding procedure. A 
liquid extender comprised o f alumina abrasives in the five-micron range is applied to the 
wheel to provide lubrication. The rotating polishing wheel had a low nap cloth attached 
to the surface to facilitate maximum performance o f the equipment. The finishing 
polishing process was also performed using a rotating wheel. Attached to the wheel was 
a cloth with a slight to moderate nap and an alumina abrasives in the one-micron range 
was used. The speed o f the grinding wheel was increased slightly and the alumina 
abrasive polish was applied several times to the wheel during this stage. The prepared 
samples were then etched using a 4%  nitric acid in ethanol. The etching process is 
performed to remove any residue from the samples, absorb humidity, and highlight the 
heat-affected zone o f the laser treatment in the sample. An example of the heat-affected 
zone is shown in Figure 4. The etching process also helped to deter rust formation from 
occurring on the surface o f  the sample until they were microstructurally analyzed.
Mechanical Testing 
Mechanical testing o f material is also known as destructive testing because it 
either physically destroys the sample or leaves an imperfection on the surface where the
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test was performed. Davis, Troxell, and Hauk (1982), define the term hardness as a 
resistance to permanent indentation under a static or dynamic load. The greater 
resistance the material has to indentation the harder the material is classified.
There are many different methods available for mechanical testing materials 
today. Several o f these examples include compression, tensile, charpy, torsion, and 
fatigue testing. However, perhaps the most common techniques for hardness testing 
include Rockwell, Vickers, and Brinell. The hardness testing method used in this 
research was conducted on a microhardness machine. A New Age Microhardness Tester 
model MT 90 was used to generate a Rockwell reading on its c scale.
He&r-«uj~fa.ce layer
/
\
Laser treated zone
Figure 4. Typical HAZ profile.
The first microhardness test performed on the samples was a linear depth to 
measure the hardness at different depths within the heat-affected zone. The center of the 
heat-affected zone was measured and the microhardness tester was programmed to index 
0.125 millimeters from the surface for the initial reading. Additional readings were then 
taken every 0.125 millimeters in depth until a depth o f2.000 millimeters was reached for
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a total of sixteen readings per sample. Upon completion, the specimen was rotated 180 
degrees and the test procedure was performed again on the bottom side o f the sample.
This procedure was followed for each of the six samples for all three indexing speeds.
The Rockwell hardness data obtained from the samples used in this study are reported in 
Table format located in Chapter 4.
The second microhardness test performed on the samples was to measure the 
hardness traversely across the heat-affected zone. Once again, the microhardness tester 
was programmed to index 0.375-millimeter depth from the top surface to perform the 
test. The tester was also programmed to start the test pattern at 0.500 millimeters from 
the left edge of the sample and then take a hardness reading every 1 . 0  millimeter 
traversely (horizontally) across the sample for a total o f twenty three readings per sample. 
The specimen was rotated 180 degrees and the same test procedure was followed to 
gather data on the bottom side of the sample. The Rockwell hardness data obtained from 
the samples used in this study are reported in Table format in Chapter 4. It should be 
noted that the New Age Microhardness tester is completely programmable. Once the 
parameters are programmed, the machine automatically indexes the programmed amount 
o f distance and takes a reading. This type o f machine provides both high accuracy and 
repeatability' o f testing and results.
Microstructural Analysis 
To determine changes in microstructure as a result of laser heat-treatment, 
microstructural examinations were conducted on several test specimens. The primary
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focus of this analysis was conducted to examine changes in the microstructure regarding 
martensite, pearlite, ferrite, and grain refinement.
One sample was randomly selected for analysis from each of the three indexing 
speeds. The samples selected had been previously mounted to a Bakelite cylinder during 
the sample preparation process. However, several weeks had passed since the samples 
had been mounted and tested on the microhardness machine. To eliminate rust formation 
on the surface of the specimens, each sample was polished and etched a second time prior 
to this analysis.
The specimens selected for analysis were sectioned on a plane perpendicular to 
the laser scanning direction. The microstructure was examined using a process called 
optical microscopy. Figure 5, found on page 53 in Chapter 4, represents the case depth of 
the treated specimens. The actual depth of the case hardened zone was measured on a 
microscope with a vernier scale.
Microstructural investigations of the samples were performed using an Olympus 
optical microscope. There are different magnification settings available for viewing 
microstructure. For this study, 500X magnification was utilized to analyze the 
microstructure and capture an image. A digital camera was used to take pictures of the 
microstructure in several areas of the sample. Three different areas were selected to 
analyze the microstructure: (a) heat-affected zone, (b) transition area leaving the 
heat-affected zone, and (c) base material. Figures 9 to 1 1  in Chapter 4 represent images 
obtained from these areas for each of the scanning rates.
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Variables o f the Study
The independent variable for laser heat treatment is traverse speed of the laser. 
The dependent variables associated with laser heat treatment are depth o f hardness, 
microstructure, and magnetic permeability as measured by eddy current o f the laser 
treated material.
Statistical Analysis
All data analyses were completed using the Statistical Package for the Social 
Sciences (SPSS) software version 9.0. Through the use of this software, a variety of 
combinations o f the variables could be statistically examined and graphed to effectively 
assist in presenting the data. The descriptive statistics feature was used to determine the 
mean response value, standard deviation, range, and variance. In addition, the explore 
feature was chosen to analyze the data and both histograms and frequency distributions 
were produced to examine data for outliers.
One of the primary data analysis tools used in this research study was the Pearson 
Product-Moment Coefficient of Correlation (r). Borg and Gall (1983), conclude that the 
product-moment coefficient is the most stable bivariate correlational statistic. They state 
that “a product-moment coefficient (r) can be calculated for any two variables, no matter 
how they have been measured” (Borg & Gall, 1983, p.586). The other significant data 
analysis tool used in this study was a oneway Analysis of Variance (ANOVA). Both 
Scheffe and Tukey post-hoc tests were performed to determine where groups are 
significantly different between the three indexing speeds.
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Further, the data were examined at the .05 level of significance (a) with a critical 
value of ^  providing the amount of significance. The critical r-value at the .05 level o f 
significance was determined using a nondirectional (two-tailed) test. A calculated r-value 
that exceeds this critical threshold number is statistically significant at the .05 level. This 
also indicates that the calculated r-value was random and not due to chance alone.
Best and Kahn (1986) concluded in an earlier study that the strength o f the 
relationship between variables is suggested by the magnitude o f the r-value. An r-value 
o f  .00 to .20 represents a negligible relationship or no relationship at all. An r-value o f 
.20 to .40 suggests a low level relationship, while a moderate relationship exists when the 
r-value is in the range .40 to .60. There is a  substantial relationship when the r-value is 
.60 to .80, and an r-value o f .80 to 1 . 0 0  suggests a very high correlational relationship.
Data resulting from the eddy current analysis and the microhardness testing in the 
heat-affected zone were used to calculate a Pearson Product-Moment Coefficient of 
Correlation between these two variables. A  correlation was calculated for each o f the 
three separate indexing speeds as well as one combining the three speeds as one 
aggregate group. The calculated r-values are presented with the data in chapter 4.
Upon completion of the bivariate correlational analysis, a secondary data analysis 
tool of simple regression was used. Once again, the data representing the eddy current 
analysis and the microhardness readings within the heat-affected zone were assessed 
relative to their cumulative predictive ability using regression analysis. A regression 
analysis was performed for each individual indexing speed as well as one for the speeds 
combined as one aggregate number.
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Conclusion
A sample o f  30 test specimens were subjected to a laser surface heat-treatment 
procedure and then analyzed using both destructive and nondestructive evaluation 
methods. The purpose o f  the analysis was to determine the strength o f  the bivariate 
correlational relationships between the variables. SPSS software was used to provide the 
data analyses.
The primary data analysis tool used in this research was the Pearson
Product-Moment Coefficient Correlation. The data were examined at the .05 level o f
significance for this study. Borg and M. D. Gall (1983) stated,
A relationship study is meaningful whether the correlation coefficient obtained is 
low or high, positive or negative. Any size correlation coefficient contributes to 
our understanding o f  the educational phenomena involved. Therefore, the 
practical significance is not important, (p. 271)
However, this is not to say that the correlation does not have practical significance as
many statisticians would argue.
A secondary analysis tool o f  regression was used in this study as well. The
purpose was to be able to predict a hardness value, based upon an eddy current value,
using the general form o f  the regression prediction equation.
In prediction studies we are concerned not only with the statistical significance of 
the correlation coefficient but also with its practical significance. I f  the 
coefficient is sufficiently large to achieve statistical significance, we can be fairly 
confident that this is not a  chance result. I f  the coefficient is sufficiently large 
enough to have practical significance, it means the measure, or measures, used to 
predict an outcome may be useful for improving educational practice. (Borg, J. P. 
Gall, & M. D. Gall, 1993, p. 271)
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This study was conducted to gain additional insight into the nature of this complex 
characteristic. A statistical analysis coupled with tables and figures is presented in 
Chapter 4 on the following pages. Conclusions from the data analyses and 
recommendations for further research are presented in Chapter 5 of this dissertation.
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CHAPTER IV 
ANALYSES OF T H E  RESULTS 
Introductaon
The purpose o f this chapter is to provide a meaningful presentation and 
interpretation of the data collected with respect t o  this experimental study. The data 
collected from the sample (N = 30) test specimens, which were subjected to a laser 
surface heat-treatment and then evaluated using iboth destructive and non-destructive 
testing methods, are presented and analyzed below. Data analyses relevant to the 
research questions are presented in both figure an d  table form with brief descriptions.
The data will be presented in the order with w hich the research was performed as 
outlined: laser heat-treatment, eddy current, micrrohardness, and microstructural analysis. 
All data analyses were completed using the Statistical Package for the Social Sciences 
(SPSS).
Laser Heat-Treatment 
A typical industrial CO2  laser with a constant power output of 5000 Watts was 
used to provide the surface treatment of the steel specimens. The laser beam is a high 
energy source and concentrates its energy in higlnly defined or localized areas. The laser 
beam heats the metal to a surface temperature ju s t  below the melting point, but within the 
range of temperatures to cause a transformation o f  the material. The transformation 
occurs from the combination of increased temperature coupled with a rapid air quench 
once the laser moves away from the material. Thte end result is a material that becomes 
harder where the laser beam has passed. The autiior expected a linear relationship
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between hardness and laser scanning rates. Table 2 shows the depth of hardness in 
millimeters for the heat-affected zone (HAZ) for all three laser-scanning rates. 
Table 2
Depth of Heat Penetration
Scanning Rate M SD
2 2 1.82 .069
30 1.28 .050
35 0.99 .061
As can be seen in Table 2, the slower the scanning rate o f  the laser, the greater the depth 
of penetration of heat in the material. These results were obtained by measurement using 
a microscope and a metric vernier scale. For convenience, the depth measured at the 
centerline of the HAZ was selected to characterize the depth o f  heat penetration. Figure 5 
represents a graphical presentation o f the HAZ for the three respective scanning rates.
The graph shows the differences in measured values for each o f  the specimens for all 
three scanning rates. The measured values remained fairly consistent across the different 
samples within each o f the scanning rates. Further, the slower scanning rates resulted in 
greater depths of hardened zone within the material. These results are consistent with 
other research that found relatively shallow depths o f penetration for laser treatment o f 
steel.
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Figure 5. Case depth o f treated specimens as a function o f scanning rates.
Eddy Current
The eddy current data were gathered by taking three separate readings along the 
longitudinal section o f the test specimen. The location was marked to reduce the 
variability and provide consistency from one test specimen to the next. The eddy current 
reading is a measure o f permeability o f the material. The permeability value is a relative 
number without any dimension. Essentially, it is an indicator of how well a material can 
conduct electric flux lines within the material in comparison to air.
The researcher expected to find a linear relationship between hardness and eddy 
current readings. It was perceived that the test specimens subjected the least amount of 
time to the laser surface treatment would have greater permeability resulting in larger 
eddy current readings. The mean values and standard deviations o f the three readings for 
each o f the different scanning rates are presented in Table 3. The eddy current values
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were lowest for the laser-scanning rate o f 22 inches per minute. The slower scanning rate 
provided a greater amount of time for the laser to heat the material, therefore altering the 
resulting microstructure.
Table 3
Eddy Current Readings at Three Scanning Rates
Scanning Rate M SD
2 2 - 1 98.76 0.195
2 2 - 2 98.72 0.132
22-3 98.66 0.217
30-1 99.26 0.195
30-2 99.27 0.188
30-3 99.25 0 . 1 1 2
35-1 99.24 0.183
35-2 99.19 0 . 2 0 1
35-3 99.24 0.131
Table 3 further indicates a minimal difference between the eddy current readings 
obtained at 30 and 35 IPM. This could be attributable to the closeness in scanning rates 
and the relatively short distance o f travel regarding the length of the test specimen. 
However, there could be a combination o f other factors contributing to the similarity in 
numbers. Appendix A represents the raw values for the eddy current readings. It is 
worth noting, however, that there was a noticeable difference in eddy current values
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obtained at the scanning rate o f  30 and 35 IPM when the fiill range o f  values (minimum 
to maximum) are reviewed. Figure 6  shows the eddy current readings for each o f the 
scanning rates. The graph shows a distinct difference in readings between 22 EPM and 
the higher scanning rates of 30 and 35 IPM. The eddy current readings for the scanning 
rates of 30 and 35 IPM are very similar with the middle scanning rate having slightly 
higher readings.
1 2 3 4 5 6 7 8 9  10 
Sarrpie
-♦—22 IPM 
- m -  30 IPM 
35 IPM
Figure 6 . Eddy Current readings as a function of scanning  rates.
Microhardness
The results o f the laser surface treatment were analyzed by taking microhardness 
readings along the case depth profile and transversely across the test specimen. The 
transverse readings were taken perpendicular to the surface normal to the scanning 
direction. The output from the microhardness tester was provided using a Rockwell 
hardness number, which is the most widely used method for determining hardness. The
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Rockwell C scale was utilized for reporting the data. The ASTM Designation E l 8-97a, 
which is the Standard Test Methods for Rockwell Hardness o f  Metallic Materials, was 
followed while performing the testing procedures.
The data obtained from the microhardness testing was used as a  comparison with 
the data obtained from the eddy current analysis. The size of the laser hardened zone was 
characterized by its depth and width from the readings obtained by the microhardness 
test. The Rockwell numbers obtained transversely describe the microhardness profile. 
The Rockwell numbers obtained along the case depth o f the test specimen were taken to 
provide insight regarding hardness o f the material at differing depths. Specifically, the 
researcher wanted to determine if  the hardness level remained consistent throughout the 
depth o f the HAZ, or if  the hardness level became softer as tested with increased depths 
within the HAZ. Table 4 shows the Rockwell hardness numbers obtained along the case 
depth for the scanning rate of 22 IPM. The readings were taken starting at 0.125 
millimeters from the lased surface o f the test specimen and then at increments o f  0.125 
millimeters for a  total o f  sixteen measurements. This same procedure was followed for 
the readings obtained in both Tables 5 and 6 .
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Table 4
Microhardness of HAZ for the 22IPM Rate
Depth M SD
0.125 55.92 1.40
0.250 57.38 1.84
0.375 57.05 1.15
0.500 55.88 1.99
0.625 54.57 2.07
0.750 50.98 2.03
0.875 49.60 3.92
1.000 44.60 3.45
1.125 38.75 2 . 1 0
1.250 33.85 2.23
1.375 31.12 0.91
1.500 29.07 1.07
1.625 27.38 0.84
1.750 25.93 0.69
1.850 24.15 1.15
2 . 0 0 0 2 0 . 8 8 1.06
It is interesting to note that the reduction in hardness is relatively small for approximately 
the first half of the readings. The reduction in hardness after the mid-point becomes more 
apparent indicating a softer material the further from the surface treatment. The 
Rockwell hardness numbers along the case depth for the scanning rate of 30 IPM are 
presented in Table 5. The data reflects that from the results o f the surface treatment the 
material hardness is relatively the same for the first several readings and then drops off at 
a much faster rate. The depth o f the HAZ is shallower at the scanning rate o f 30 IPM as
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compared to 22 IPM. This is also confirmed with the readings obtained using the vernier 
microscope. Lastly, the Rockwell hardness numbers for the scanning rate o f 35 IPM are 
highlighted in Table 6 . Once again, the data indicates that the rate o f reduction in 
hardness was more pronounced at the scanning rate of 35 IPM than it was compared to 
the other scanning rates. Further, the heat-affected zone is shallower than both 30 and 22 
IPM. This was confirmed with the measured HAZ using the vernier scope.
Table 5
Microhardness o f HAZ for the 30 IPM Rate
Depth M SD
0.125 56.30 2.29
0.250 58.65 1.87
0.375 57.42 0.70
0.500 54.97 1.08
0.625 48.02 1.73
0.750 43.07 3.86
0.875 36.32 2.36
1.000 32.55 1 . 1 2
1.125 28.62 1.33
1.250 24.58 1.67
1.375 20.70 1.17
1.500 22.15 1.32
1.625 21.32 0.92
1.750 21.57 0.93
1.850 23.75 1.24
2 . 0 0 0 22.58 0 . 8 6
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Table 6
Microhardness o f  HAZ for the 35 IPM Rate
Depth M SD
0.125 56.23 1 . 8 6
0.250 56.33 1.53
0.375 52.75 2 . 2 1
0.500 45.78 2 . 2 1
0.625 40.62 2.98
0.750 35.42 1.52
0.875 29.15 3.41
1.000 23.65 2.59
1.125 21.40 0.84
1.250 21.74 1.27
1.375 21.60 1.06
1.500 22.35 1.41
1.625 22.90 1.47
1.750 22.58 1.05
1.850 23.98 1.39
2 . 0 0 0 23.38 0.52
Two major themes can be concluded from the results of the above listed sets of 
data. First, the hardness o f the material decreases along the HAZ the further from the 
surface of the test specimen. This result is consistent and expected for all o f  the test 
specimens and scanning rates. Secondly, the reduction in hardness happened more 
rapidly in the samples that were subjected to the faster scanning rates. It would appear 
that a positive correlation exists between shallower HAZs and faster scanning rates. 
Figure 7 shows a graphical representation o f the data for all three scanning rates. This
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graphic also shows that the test specimens subjected to the slower scanning rates were 
hardened the most by the treatment.
CO Ifl S  O) ^  CO to
0.125 Increment
•22 IPM 
-30 IPM 
35 IPM
Figure 7. Microhardness (Rc) vs. depth in HAZ for the three scanning rates.
Additional microhardness readings were also obtained from the test specimens. 
Readings were taken transversely across the specimens, which was perpendicular to the 
normal scanning direction. The data obtained further defines the hardness profile with 
respect to shape and width o f the HAZ. Table 7 shows the Rockwell hardness numbers 
for the scanning rate o f 22 IPM. The readings were taken starting at 0.500 millimeters 
from the left edge of the specimen and then indexing every millimeter to across the test 
specimen. This procedure was also followed for each o f the three scanning rates.
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Table 7
Microhardness Traverse Readings for the 22 IPM Rate
Traverse M SD
0.50 24.08 4.04
1.50 21.60 4.07
2.50 2 1 . 1 0 2.92
3.50 23.48 5.22
4.50 38.28 6.55
5.50 48.82 4.17
6.50 52.45 3.08
7.50 54.63 2 . 2 1
8.50 55.22 1.87
9.50 56.45 1.81
10.50 56.95 2 . 0 2
11.50 56.87 1.29
12.50 56.62 1.37
13.50 56.15 1.31
14.50 54.83 2.79
15.50 52.21 1.81
16.50 48.40 3.04
17.50 36.83 3.61
18.50 28.87 2.40
19.50 20.15 1.89
20.50 21.08 1.41
21.50 21.70 1.56
22.50 22.67 2.37
The researcher expected to find the hardness values, when plotted, to represent the shape 
of a bell curve. The hardness numbers did indeed start off lower and then gradually 
became higher in the middle o f the test specimen and then gradually become lower again
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toward the end o f the test. The width and hardness o f the HAZ can be determined by the 
largest values located in the middle seven readings. The hardness values and profile 
representing the scanning rate o f  30 IPM are shown in Table 8 . As was highlighted with 
the last scanning rate, the profile for 30 IPM is similar to the profile obtained at 22 IPM. 
There is a significant difference between the two with the profile representing 30 IPM 
being narrower. This difference in width can be seen on page 67, which shows the 
hardness profiles for the different scanning  rates. The same hardness level is obtained in 
the specimen, but the width o f  the hardness profile is narrower and shallower.
The hardness readings for the scanning rate o f 35 IPM are shown in Table 9. The 
hardness profile shows the same trend of becoming narrower as the scanning rate 
increases. The hardness level reached in the HAZ is essentially the same as with the 
other scanning rates, however, the bandwidth at that hardness is narrower. The faster the 
scanning rate the narrower is the width of the HAZ. This indicates that with faster 
scanning rates the laser beam has less time to raise the temperature into the 
transformation phase. This results in less material being transformed into a harder 
substrate from rapid cooling, therefore, the HAZ profile is not as wide or deep. This 
aspect can be seen when reviewing the data for the traverse readings o f the different 
scanning rates. A  graphical representation of the traverse readings showing the 
microhardness profile, is presented in Figure 8 . All three scanning rates are shown on the 
same graph to show the differences in the hardness profile as a result o f the laser surface 
treatment.
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Table 8
Microhardness Traverse Readings for the 30 IPM Rate
Traverse M SD
0.50 22.95 3.95
1.50 21.53 1.95
2.50 20.18 1.64
3.50 20.17 2.30
4.50 28.75 1 0 . 1 2
5.50 43.46 6.24
6.50 51.55 6 . 2 1
7.50 55.12 2.35
8.50 55.76 3.07
9.50 56.45 1.59
10.50 56.03 1.50
11.50 56.47 1.24
12.50 55.98 0.55
13.50 53.62 2.09
14.50 51.15 5.48
15.50 44.25 5.89
16.50 36.47 8.60
17.50 25.48 8.70
18.50 19.25 1.92
19.50 20.18 2.31
20.50 20.07 2.67
21.50 19.73 3.14
22.50 2 2 . 2 1 3.59
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Table 9
Microhardness Traverse Readings for the 35 IPM Rate
Traverse M SD
0.50 24.60 2.45
1.50 22.50 2.95
2.50 2 1 . 0 0 2.23
3.50 21.30 1.95
4.50 25.47 7.73
5.50 32.63 13.03
6.50 38.15 14.40
7.50 48.55 6 . 8 8
8.50 52.02 5.47
9.50 54.27 3.18
10.50 55.50 2.51
11.50 55.17 2.19
12.50 53.82 3.70
13.50 51.98 5.17
14.50 46.52 8.59
15.50 42.05 11.25
16.50 32.95 16.60
17.50 26.98 15.59
18.50 24.23 9.55
19.50 17.55 1.85
20.50 17.33 2.84
21.50 17.08 3.62
22.50 17.37 2.17
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Figure 8 . Hardness profile for scanning rates utilized.
As shown in the graph, the hardness levels obtained are similar in hardness values for the 
three scanning rates; however, the hardness profile follows the results o f faster scanning 
rates equating to narrower HAZs. The hardness values decline more rapidly on both 
sides o f the scanned region as scanning rates increase. The raw scores for the 
microhardness readings in the HAZ are presented in Appendix B. Further, the raw 
scores for the microhardness readings traverse are highlighted in Appendix C.
Microstructure
Microstructural examination was completed on the test specimens. This analysis 
was performed to evaluate the changes in microstructure as a result o f  the laser surface 
treatment. Images o f the microstructure were taken o f the base material, the transition
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zone, and near the surface of the HAZ. Figure 9(a, b, and c) shows the microstructure of 
the test specimens subjected to the scanning rate o f 22 IPM. Both case hardening and 
surface melting occurred to the specimen. As shown in Figure 9(c), the typical base 
material is a  mixture o f ferrite and fine pearlite. The microstructure o f  the base metal has 
not been changed as a result of the laser treatment. Figure 9(b) shows the changes to the 
microstructure in the transition zone between the HAZ and the base material. This zone 
depicts smaller dark areas, which contain pearlite residuals that did not completely 
transform into austenite. The temperature in the transition zone would have been 
between At and A3, where Ai and A3 are the eutectoid and austenization temperatures, 
respectively. As a result o f the rapid heating and cooling rates, the pearlite and carbon 
did not have sufficient time to fully dissolve leaving pearlite residuals. The 
microstructure in the HAZ is shown in Figure 9(a). This area is represented by 
martensite and carbide formation along the grain boundaries. The temperature in this 
region would have reached above the A3 or held for a longer period at the austenitization 
temperature to allow for a homogeneous martensite with respect to carbon concentration. 
The images also reveal that the microstructure is finer from recrystallizations in the HAZ.
Figure 10 (a, b, and c) shows the microstructure for the scanning rate o f 30 EPM. 
A similar transformation occurred to the microstructure. Figure 10(a) shows some 
surface melting and the formation of a martensitic eutectoid structure. The amount of 
martensite formation has been reduced by approximately 25% when compared to the 
previous specimen shown in 9 (a) as calculated by image analysis. Figure 10(b) shows 
pearlite residuals due to insufficient time to transform into austenite. There is an increase
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in ferrite and fine pearlite in this zone as well as analyzed using image analysis software. 
Figure 10(c) is the base material, which is representative for all of the samples. The base 
material is a combination o f ferrite, which is lighter in color, and fine pearlite represented 
by the darker regions.
The microstructure for the scanning rate o f  35 IPM is shown in Figure 1 l(a, b, 
and c). The faster scanning rate shows a few changes to the microstructure. With faster 
scanning rates, the duration the sample is subjected to the treatment is also reduced. The 
interaction time at the correct temperature is not held long enough to facilitate a complete 
homogenization. Further, complete austenizaton does not occur because of the lower 
temperatures reached within the material. Figure 11(a) shows that surface melting took 
place in isolated locations. The transformation in this zone did form a finer martensite 
along with a small amount of carbide along the grain boundaries. The amount o f 
martensite formation increased approximately 10% as compared to the previous specimen 
as shown in Figure 10(a). The researcher expected to see a further reduction in the 
formation o f martensite as the scanning rate increased. Generally, higher temperatures 
cause greater carbon dissolution resulting in a better homogenization of the austenite.
The higher temperatures attained in the material are more difficult to achieve with faster 
scanning rates. Both Figures 11(b) and 11(c) show similar microstructures as compared 
to the previous samples shown in Figures 9 and 10.
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(b) Transition leaving HAZ
(c) Base Metal
Figure 9. Micrograph of microstructure at 22 IPM at 500X.
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CcO Base Metal
Figure 10. M icrograph of microstructure o f  30 IPM at 500X.
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(a) Heat-Affected Zone (b) Transition leaving HAZ
(c) Base Metal
Figure 11. Micrograph of microstructure of 35 IPM at 500X.
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Analysis o f Variance 
An analysis of variance (ANOVA) was performed to evaluate the mean difference 
between the three scanning rates. A oneway ANOVA was the statistic selected because 
only one independent variable was being tested. The first oneway ANOVA was 
performed to determine if  there was a difference in the mean Rockwell hardness values 
for the three scanning  rates. The hardness numbers selected for this analysis were the 
seven middle values taken from the microhardness traverse readings. The readings, taken 
at 8.50 m illim eters through 14.50 millimeters, represent the central most region of the 
HAZ and the most significant hardness values. A post hoc test was also performed to 
determine the location of the difference.
Table 10 represents the ANOVA summary table for the Rockwell hardness 
values. A oneway ANOVA revealed a statistically significant difference in Rockwell 
hardness values according to the scanning rates used F = 6.651, p  < .05 level (2-tailed). 
Table 10
Oneway ANOVA for Rockwell Hardness Values Traverse
Source df Mean Square F_ Sig.
Between Groups 2 18.12 6.65 .009
Within Groups 15 2.72
Total 17
The calculated value o f significance was 0.009, which is less than 0.05. The null 
hypothesis was rejected stating that the calculated value was probably not due to chance.
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A Tukey Post Hoc test was performed to determine which groups were different. Table 
11 highlights the results of the Post Hoc test from the oneway ANOVA.
Table 11
Post Hoc Test for Traverse Rockwell Hardness
Scanning Rate Mean Difference SE Sig.
22 30 1.088 .9528 .504
35 3.402 .9528 .007*
30 22 - 1.088 .9528 .504
35 2.314 .9528 .069
35 22 - 3.402 .9528 .007*
30 -2.314 .9528 .069
As can be seen, there is significant difference in Rockwell hardness values between 22 
IPM and 35 IPM. The difference is statistically significant at the .05 level as g  < .05.
The data further reveals that the difference in Rockwell hardness values is not statistically 
significant at the .05 level between the scanning rates 22 IPM and 30 IPM or between 30 
and 35 IPM. However, the g value between the scanning rates o f  30 IPM and 35 IPM 
was calculated at .069, which is just outside the .05 level threshold. Given the small 
sample size, it is difficult to accurately categorize the significance o f the test statistically.
A second ANOVA was performed for this study to determine if  there was a mean 
difference in eddy current values for the three scanning rates. Table 12 shows the 
ANOVA summary table for the recorded eddy current values.
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Table 12
Oneway ANOVA for Eddy Current Values
Source df Mean Square F Sig.
Between Groups 2 0.935 39.51 .000
Within Groups 27 0.0236
Total 29
A oneway ANOVA revealed a statistically significant difference in eddy current values 
according to the scanning rates used F = 39.510, p  < .05 level. A  Tukey Post Hoc test 
was performed to determine which groups were different. Table 13 shows the results of 
the Post Hoc test. There is a statistically significant difference in means between the 
scanning rates o f 22 EPM and 30 IPM. The analysis also reveals a significant difference 
between the scanning rates o f 22 IPM and 35 IPM, but found no mean difference between 
the scanning rates o f 30 IPM and 35 IPM at the .05 level as p > .05.
Table 13
Post-Hoc Test for Eddy Current Values
Scanning Rates Mean Difference SE Sig.
22 30 -.5471 .06878 .000*
35 -.5100 .06878 .000*
30 22 .5471 .06878 .000*
35 .0371 .06878 .853
35 22 .5100 .06878 .000*
30 .0371 .06878 .853
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Correlations
Correlational analysis using the Pearson Product-Moment Coefficient of 
Correlation was performed to measure the relationship between the destructive testing 
method o f Rockwell hardness and the non-destructive testing method o f eddy current 
readings. The correlational analysis for the scanning rate 22 IPM, showing the 
relationship between the variables of Rockwell hardness and eddy current values was 
compared. As can be seen, the results o f a Pearson Correlation revealed that the eddy 
current values were not significantly related to the Rockwell hardness readings. 
Reporting the results statistically, r = 0.084, N = 6, and p = .874. There was no 
significant relationship between these variables at this scanning rate as the p-value is 
greater than 0.05 level (2-tailed). Therefore, the researcher finds no statistical 
significance relating to the research question to determine the strength o f correlation 
between these variables.
The correlational analysis for the scanning rate o f 30 IPM, showing the 
relationship between the variables of Rockwell hardness and eddy current values is 
presented. As can be seen, the results of a Pearson correlation revealed that the eddy 
current values were not significantly related to the Rockwell hardness readings. 
Reporting the results statistically, r  = 0.655, N = 6, and p = .158. Since there is no 
significant relationship between these variables at this scanning  rate as the p-value is 
greater than 0.05 level (2-tailed), the researcher fails to find a statistical significance 
between these variables.
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The correlational analysis for the scanning rate o f 35 IPM, showing the 
relationship between the variables o f Rockwell hardness and eddy current values was also 
compared. As can be seen, the result o f  a Pearson correlation revealed that the eddy 
current values were not significantly related to the Rockwell hardness readings.
Reporting the results statistically, r  =  -0.369, N = 6, and p = .472. There is no significant 
relationship between these variables at this scanning rate as the p-value is greater than 
0.05 level (2-tailed).
It is interesting to note that the correlation was found to be not significant at the
0.05 level for the three respective sc anning  rates. This may be the result of a fairly small 
sample size or some combination o f variables not identified. However, when the data for 
all sc anning  rates 22, 30, and 35 IPM  respectively, are combined and analyzed, the results 
obtained are entirely different. Table 17 represents the correlational analysis for the 
combined scanning rates, showing the relationship between the variables of Rockwell 
hardness readings and eddy current values.
Table 14
Correlation o f Rockwell Hardness and Eddy Current for combined Scanning Rates o f 22. 
30. and 35 IPM.
Rockwell Eddy Current
Pearson Correlation 1.000 -0.477*
Sig. (2-tailed) ------ 0.045
Pearson Correlation -0.477* 1.000
Sig. (2-tailed) 0.045 ------
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As can be seen, the results o f a Pearson correlation revealed that the eddy current values 
were significantly related to the Rockwell hardness readings. Reporting the results 
statistically, r  = -0.477, N = 18, and p < .05 level (2-tailed). The correlation is significant 
indicating a mocderate relationship exists between the variables as 0.045 is less than 0.05 
significance leveel. Therefore, the researcher finds a statistically significant relationship 
between the variables generalizing that the results are probably not due to chance. The 
negative relationship shows that as Rockwell hardness values increase the eddy current 
values decrease. This outcome is consistent with the relationship between hardness and 
permeability.
Regression
A bivariate regression analysis was conducted using data generated from eddy 
current and Rockkwell c data. Multiple regression is an extension o f correlation, which 
defines the relatiionship between two variables allowing the researcher to predict the Y 
value corresponding to any known value o f X for a regression prediction equation of:
Y = bX + a. A mxultiple regression was performed on the scanning rates combined into 
one group. The oonly correlation that was found statistically significant was the combined 
scanning rates. T able 18 presents the multiple regression prediction equation data 
relative to the relationship between Rockwell hardness readings to eddy current values. 
The criterion variable (Y') microhardness and the predictor variable (X) eddy current are 
identified, as is tHhe constant (a) and the standardized regression weight (b) for the 
predictor variablee. Further, the sample size (N) used for generating Table 18 was N = 18.
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The calculated value for R  and the adjusted R-square value were reported as 0.477 and
0.179 respectively.
Table 15
Regression Analysis for Rockwell Hardness and Eddy Current
Variable B SEB (3 (Beta) T Sig. T
Constant (a) 382.310 150.966 ---------- 2.532 0.022
Eddy Current -3.308 1.524 -0.477 -2.170 0.045
Using the multiple regression prediction equation relative to the criterion and predictor 
variables of this study, we have the following:
Y '= b X  + a
Substituting the calculated values from Table 18, the derived equation for predicting 
Rockwell hardness based upon the eddy current value is found to be:
Y '=-3.308(X) + 382.31 
Conclusions and recommendations relative to these analyses are presented in chapter 5.
A summary o f the statistical analyses used in this research along with tabular descriptions 
o f the results is now presented.
Summary
The data gathered from the sample o f 30 specimens were presented and analyzed. 
The data were presented in both tables and figures showing descriptive statistics, 
ANOVA summary, correlations, and the bivariate relationship between eddy current 
values and Rockwell hardness numbers.
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The bivariate correlational analyses were completed using the Pearson 
Product-Moment Coefficient of Correlation (r) to determine the strength of the 
relationship between eddy current values and Rockwell hardness readings. Both the 
Pearson r-values and coefficients of determination (r^) were calculated.
A oneway ANOVA was performed to determine if  there was a difference in the 
mean Rockwell hardness readings and the mean eddy current values for the three 
scanning rates. A Tukey Post-Hoc test (HSD) was also conducted to determine where the 
difference was between the three groups.
Regression analysis was also completed to determine the strength of the 
relationship between eddy current values and Rockwell hardness readings. The multiple 
regression prediction equation was used in its general form to mathematically show the 
relationship o f  the criterion variable (Y'), which is Rockwell hardness, and the predictor 
variable which was eddy current value. The equation constant (a) and the standardized 
regression weight (bi) for the predictor variable were also shown.
Findings were briefly discussed following each data presentation table and figure 
while detailed conclusions and recommendations relative to these findings are presented 
in Chapter 5.
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CHAPTER V
SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
Summary of the Study
The problem of this exploratory research study was to determine the strength of 
the bivariate correlational relationship between microhardness Rockwell readings and 
eddy current values. This was completed using the Pearson Product-Moment Coefficient 
of Correlation (r). A oneway ANOVA was performed for both Rockwell hardness and 
eddy current values to determine if there was a difference in mean observed values for 
the different scanning rates. A Tukey Post-Hoc test was also performed to determine 
where the difference was between the groups. To finalize the data analyses, a multiple 
regression prediction equation was derived from the multiple regression analysis.
Four research questions were established for this research based upon the lack of 
conclusive findings in the literature. The research was performed to answer the following 
research questions:
1. To what extent is there a relationship between microstructure and 
microhardness?
2. To what extent is there a relationship between microhardness and magnetic 
permeability (eddy current reading)?
3. What is the relationship between microstructure and case hardened depth of 
laser surface treatment when varying the scanning rate?
4. What is the effect of laser surface treatment, when varying the scanning rate, on 
magnetic permeability?
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First, the study confirmed a relationship between microstructure and micorhardness o f 
laser treated steel. Second, the study determined the strength of the bivariate correlative 
relationship between microhardness Rockwell readings and eddy current values. Third, 
the study determined the relationship between microhardness readings and hardened 
depth with different laser scanning rates. Fourth, the study determined the strength of 
relationship between different scanning rates and eddy current values. Lastly, a multiple 
regression prediction equation was derived from the data for future material testing.
The data collected were first analyzed using descriptive statistics and oneway 
ANOVA. The Pearson Product-Moment Coefficient o f Correlation was used to assess 
the strength o f the relationship between two variables. The data were examined at a 95% 
confidence interval (.05 level of significance) using a nondirectional (two-tailed) test. A 
value o f p < .05 level indicated statistical significance at the .05 level, which meant the 
obtained value would not be due to chance alone.
Upon completion o f the bivariate correlational analyses, a secondary analysis was 
performed. The eddy current values were used as an independent or predictor variables 
to assess the cumulative predictive ability relative to the microhardness Rockwell 
readings, which w as the dependent or criterion variable used in the multiple regression 
prediction equation. Using the multivariate statistical technique of multiple regression, 
the predictor variable was mathematically weighted to provide the optimal prediction of 
the criterion variable. The data were first analyzed separately for each scanning rate and 
secondly analyzed combined into one aggregate group for the scanning rates.
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Conclusions of the Study
Based on the analyses o f the data gathered in this study and presented in Chapter 
4 , several conclusions can be drawn with respect to the research questions. The main 
purpose o f  this research study was to determine the strength of relationship between 
microhardness Rockwell readings and eddy current values. A secondary focus of this 
study was to ascertain if a relationship existed between microstructure and 
microhardness. Research Question 2, which examined to what extent there was a 
relationship between microhardness and magnetic permeability (eddy current reading), 
related to the main purpose of the study, while Research Questions 1,3, and 4  pertained 
to the secondary focus of the research. This secondary issue focused on the relationship 
between microhardness, microstructure, and magnetic permeability. Specifically, 
Research Question 1 asked to what extent is there a relationship between microstructure 
and microhardness, Research Question 3 asked what the relationship is between 
microstructure and case hardened depth of laser surface treatment when varying the 
scanning rate, and Research Question 4 asked what the effect of laser surface treatment 
is, when varying the scanning rate, on magnetic permeability.
In regards to Research Questions 1,3, and 4, it was concluded that as the scanning 
rate increases, the HAZ decreases as is exhibited in Figure 4. Traverse scanning speed 
determines the interaction time between the laser and the material. It is inversely 
proportional to faster scanning speeds resulting in less interaction and smaller HAZs. In 
addition, Figures 9 through 11 also support that faster scanning rates have less time to 
affect the microstructure resulting in lower microhardness readings. The rate of cooling
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also plays a vital role in the resulting microstructure and hardness. All samples were 
exposed to the same rate of cooling for this study. Therefore, faster scanning rates were 
the main factor, which resulted in less microstructure transformation, lower 
microhardness readings, and smaller HAZ profiles as shown in Figures 7 and 8.
In regards to Research Question 2, it was concluded that the Pearson 
Product-Moment Coefficient of Correlation (r) between microhardness readings and eddy 
current values was statistically significant at the .05 level. It should be noted that the 
Pearson Product-Moment Coefficient o f Correlation (r) between microhardness readings 
and eddy current values was not statistically significant at the .05 level for any o f the 
individual scanning rates o f22, 30, and 35 IPM respectively. This could be the result of 
a small sample size per group. Combining the data from the scanning rates into one 
group results in statistical significance. Based on the sample size of this study, a 
statistically significant correlation was reported between microhardness and eddy current 
values. The strength o f the correlation was reported at -0.477, which shows a moderate 
correlation that is negative. The negative relationship shows that as microhardness 
readings increase, eddy current values decrease. This is also reflected in the multiple 
regression predictor equation. Lastly, it was shown that approximately 22% of the 
variance in microhardness was attributable to the eddy current values.
Recommendations
The following recommendations are based upon the review of related literature, 
data analyses, and conclusions of the study. Given the outcomes of this study,
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recommendations for further study are warranted and may be utilized to further define the 
relationship between Rockwell hardness and eddy current evaluation of materials.
In regard to this study, the recommendations for further study are:
1. It is recommended that this experimental study be replicated using a larger 
sample size for the three scanning rates.
2. It is recommended that the experimental test procedures be conducted on other 
alloy steels to determine the relationship between hardness and eddy current values.
3. It is recommended that further study be performed to identify other relevant 
predictor variables for the relationship between microhardness and eddy current values.
4. It is recommended that other material coatings besides black paint be used to 
determine effects on the relationship between microhardness and eddy current values.
5. It is recommended that this study be replicated using a wider range between 
scanning rates to determine thte relationship between the variables at difference speeds.
6. It is recommended 'that the study be replicated with the test specimens being 
sectioned longitudinally after the surface treatment to collect both microhardness and 
eddy current readings.
7. It is recommended rthat this study be replicated using a factorial design 
technique to study the relationship between process parameters and the dependent 
variable in laser processing.
In closing, these extensions of the current study would contribute to and provide 
additional information to the existing body o f knowledge. The limited research and the 
relationship between the variables strongly suggest further study.
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APPENDIX A 
(Eddy Current Raw Scores)
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Table 16
Eddy Current Raw Scores for the 22 IPM Rate
Sample Value 1 Value 2 Value3
1 98.7959 98.7615 98.7598
2 98.4519 98.7137 98.3962
3 98.5771 98.5452 98.5650
4 98.9669 98.9104 98.6168
5 98.6624 98.6643 98.7070
6 99.0218 98.9062 99.0872
1 98.8859 98.7986 98.8147
8 98.5221 98.5275 98.5720
9 98.8123 98.7529 98.3255
10 98.8877 98.6356 98.7195
Table 17
Eddy Current Raw Scores for the 30 IPM Rate
Sample Value 1 Value 2 Value 3
1 99.2244 99.2277 99.0647
2 99.6565 99.6073 99.4279
3 98.9116 98.9102 99.1936
4 99.1562 99.2270 99.3202
5 99.3808 99.4733 99.3421
6 99.3082 99.2885 99.2219
7 99.0850 99.2431 99.2451
8 99.2863 99.3018 99.1933
9 99.3096 99.3377 99.3418
10 99.2502 99.1218 99.1189
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Table 18
Eddy Current Raw Scores for the 35 IPM Rate
Sample Value 1 Value 2 Value 3
1 99.0372 99.1991 99.3019
2 99.4050 99.4093 99.4278
3 99.2585 99.1697 99.2082
4 99.3164 99.3252 99.3454
5 99.4267 99.4003 99.4028
6 99.2673 99.1775 99.1215
7 98.9085 98.9685 99.0408
8 99.1419 99.1432 99.1720
9 99.1458 98.7655 99.1057
10 99.4902 99.3381 99.2433
R e p ro d u c e d  with p e rm iss ion  of  th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .
APPENDIX B
(Microhardness Readings at HAZ)
R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .
Table 19
Microhardness Readings at HAZ for the 22 IPM Rate
Depth (mm) M inim um M aximum
0.125 53.30 57.10
0.250 54.00 59.20
0.375 55.50 58.30
0.500 52.00 57.40
0.625 51.00 56.80
0.750 48.40 53.40
0.875 43.10 53.20
1.000 41.20 49.60
1.125 35.40 41.30
1.250 31.80 36.90
1.375 29.50 32.10
1.500 27.90 30.60
1.625 26.50 28.70
1.750 25.20 27.00
1.850 22.70 26.10
2.000 19.50 22.20
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Table 20
Microhardness Readings at HAZ for the 30 IPM Rate
Depth (m m ) M inimum Maximum
0.125 53.00 59.00
0.250 56.30 61.50
0.375 56.40 58.20
0.500 54.00 56.80
0.625 46.50 51.20
0.750 36.70 48.20
0.875 32.70 39.70
1.000 31.20 33.70
1.125 27.10 30.10
1.250 21.50 26.40
1.375 19.70 22.70
1.500 20.20 23.70
1.625 20.10 22.60
1.750 20.20 22.70
1.875 22.10 25.40
2.000 21.30 23.60
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Table 21
Microhardness Readings at HAZ for the 35 IPM Rate
Depth (mm) Minimum Maximum
0.125 53.20 58.30
0.250 54.70 58.20
0.375 50.40 56.20
0.500 43.20 49.60
0.625 37.50 45.80
0.750 32.80 37.10
0.875 24.70 34.00
1.000 21.00 27.40
1.125 20.10 22.70
1.250 20.60 23.60
1.375 20.60 23.40
1.500 20.20 24.60
1.625 21.30 24.80
1.750 20.90 23.60
1.850 22.20 26.10
2.000 22.60 24.00
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Table 22
Microhardness Traverse Readings for the 22 IPM Rate
Width (mm) Minimum Maximum
0.500 17.70 29.00
1.500 17.00 28.00
2.500 15.90 24.00
3.500 17.00 28.50
4.500 30.30 46.20
5.500 44.90 54.30
6.500 48.30 56.20
7.500 51.40 56.90
8.500 52.90 57.20
9.500 54.30 59.10
10.500 54.10 59.10
11.500 54.70 58.50
12.500 54.10 57.90
13.500 53.90 57.60
14.500 49.70 58.10
15.500 50.00 54.80
16.500 43.80 52.00
17.500 32.90 41.60
18.500 26.00 33.10
19.500 17.10 22.30
20.500 19.60 23.20
21.500 18.80 22.90
22.500 18.80 25.20
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Table 23
Microhardness Traverse Readings for the 30 IPM Rate
Width (mm) Minimum Maximum
0.500 19.00 29.70
1.500 18.30 23.50
2.500 18.30 21.90
3.500 15.80 21.80
4.500 15.30 39.00
5.500 32.10 49.20
6.500 39.00 55.50
7.500 50.60 57.20
8.500 49.70 57.90
9.500 54.30 57.90
10.500 53.10 57.20
11.500 54.10 57.60
12.500 55.20 56.60
13.500 50.30 55.70
14.500 40.20 55.10
15.500 35.40 51.40
16.500 21.70 46.40
17.500 16.00 39.10
18.500 17.60 23.00
19.500 17.20 23.50
20.500 16.30 23.90
21.500 15.50 24.60
22.500 18.30 28.90
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Table 24
Microhardness Traverse Readings for the 35 IPM Rate
Width (mm) Minimum Maximum
0.500 21.40 28.40
1.500 18.10 27.10
2.500 17.50 22.90
3.500 18.80 23.70
4.500 19.60 40.90
5.500 20.70 50.10
6.500 20.40 54.00
7.500 38.60 56.50
8.500 44.70 58.20
9.500 50.00 58.70
10.500 51.60 58.10
11.500 51.00 57.20
12.500 47.00 57.50
13.500 44.60 57.10
14.500 34.80 56.50
15.500 26.10 56.30
16.500 16.80 52.80
17.500 15.60 47.30
18.500 16.20 36.70
19.500 15.10 20.10
20.500 14.40 21.80
21.500 13.10 21.80
22.500 14.50 20.20
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